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THE  PROPERTIES  OF  MATTER. 


-H 


Phyaicsr— Natural  Philosophy,  or,  as  it  is  sometimes  called,  Physics,  firom  a  Greek 
word  signifying  Nature,  embraces  within  its  range  all  the  phenomena  and  laws  of  the 
external  world,  while  the  science  of  Metaphysics  investigates  those  of  mind  and  thought 
Taking  Physics,  therefore,  in  its  widest  sense,  it  must  niecessarily  include  Natural  His- 
tory and  Chemistry,  as  well  as  their  auxiliary  sciences.  It  has  been  customary,  however, 
to  restrict  its  application  to  Mechanical  Philosophy,  and  the  laws  and  properties  of  heat, 
light,  and  electricity. 

All  bodies  are  either  solid  or  fluid ;  and  considering  gases  and  vapours  as  elastic  fluids, 
and  mechanical  philosophy  investigating  the  laws  of  rest  and  motion  of  bodies  when  acted 
on  by  any  forces,  the  subject  may  be  divided  into  four  divisions — Statics  and  Hydrosta- 
tics, which  treat  of  the  equilibrium  of  solids  and  fluids ;  and  Dynamics  and  Hydrodyna- 
mics, which  treat  of  their  motion.  Astronomy,  the  figure  of  the  earth,  and  Acoustics, 
are  all  branches  of  mechanics,  as  they  depend  upon  the  laws  of  equilibrium  of  either 
solids  or  fluids. 

Force  and  BXattev. — Force  and  matter,  and  their  mutual  influence  on  each  other, 
are  the  great  objects  of  Natural  Philosophy.  It  is  clear,  therefore,  that  some  knowledge 
of  their  nature  and  properties  must  form  a  necessary  introduction  to  the  study  of  Physics ; 
but,  at  the  very  commencement  of  our  undertaking,  we  must  confess  our  ignorance  of  the 
essential  nature  both  of  matter  and  force.  We  have  an  intuitive  conviction  of  their 
existence ;  we  know  a  great  deal  about  them — every  fresh  accession  to  our  knowledge 
increases  our  power  over  them ;  the  steam-engine  and  the  electric  telegraph  are  results 
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FOKCE  AND  MATTEB  COKRELATIVE  TEBMS. 


which  have  sprung  from  onr  acquamtanoe  "trith  their  laws ;  but  the  more  profoundly  we 
iny estigate  their  relatians,  the  more  we  heeome  tOBtiaeeA.  of  our  ignorance,  and  the  wide 
field  of  discoyerj  which  dtiU  lie*  before  ns.  We  see  a  loadstone  attract  a  piece  of  iron, 
andwefindit  attract  one  end  cif  ft  magpodtic  needle  and  repel  ^eiither,  and  we  otttilmte 
tbifl  ftttraetkm  and  repuldoB  to  tile  ex»tB&ee  of  a  force  lA  the  kadstoM^  tpUch  we  call 
tke  magnet  fotee ;  we  see  tUso  a  stole  let  fafl  fron  the  hand  deweddiote  gnxmd,  and 
yfiie  aisibe  its  dMCent  to  Ihe  attraistioa  a£iiae  etA:  we  call  the  iSaeee  wlddtproduoes 
this  fiflbct  gravity.  Kow,  w«  ean  intCMtigpette  the  lann  of  the  urmf^tetitf  fonMV  a»  wcH  as 
those  of  gitrviClitifiil,  ndesHznttte  their  afiMts  on  HtfteriaL  bodies;  yet,  afler  alltiroAall 
be  obligod,  with  llr«  Tonng,  '^to  acknowled9P<«Kr  total  ignoM&oe  of  ^  iittiiEUiteaiiiise 
of  JbnjM  of  everjr  deseriirtioii  T 

'Wheneyer  we  m^  «  body  in  motion,  ir6  attribute  its  mrtion  icr  tlie  ezisteaee  nt  a 
fotrca  A  aihipiailfl  by  tfMr  force  of  the  wind  and  tide,  a  boat  is  pitepellsdby  theiiBKSkr 
jCofrce  of  iho  itower,  ii^  a  looomotxve  by  the  expansion  of  liw  steaai  gflasfttted  in  te 
boiler;  in  fldditioK  to  ihis,  tre  &id  thsit  two  or  more  taecen  wUeh,  MSfibngsenpttrately  on  a 
body,  would  eadi  cause  the  body  to  moye,  may  be  so  appliedas  to  omifllesact  each  other's 
effects,  and  keep  it  at  rest.  We  may  therefore  defile  fittoe  to  te  l8lat  whi^  either  pro- 
duces, or  tends  to  produce  motion. 

Haying  thus  asrired  at  a  definitioii  of  losce,  trc  iiMKy  bo  «b1e  to  obtain  one  for  matter, 
as  matter  is  that  which  is  either  moyed,  or  can  be  mmei  by  force. 

Force  and  matter  may  thus  be  considered  correlatiye  terms,  aad  we  should  be  unable 
to  arriye  at  a  knowledge  of  the  existence  of  the  one,  without  the  aid  of  the  oflier.  Eyery 
particle  of  matter  in  the  universe  is  endowed  with  distinct  properties  of  force,  which  fit 
it  in  many  maryellous  ways  to  act  on  other  particles  of  matter.  How  many  of  these  are 
still  hidden  from  the  researches  of  the  human  mind,  we  know  not ;  but  this  we  do  know, 
that  all  the  phenomena  of  the  external  world,  which  we  can  explain,  can  be  traced  to 
these  properties  of  force  to  which  we  can  ascribe  no  other  origin,  when  we  contemplate 
Ihe  wisdom  of  their  application,  than  the  wiU  of  an  almighty  and  all-wise  Creator, 
unless  we  would  be  guilty  of  the  foUy  of  belieying  that  the  piiut  whieh  now  meets 
the  eye  of  the  reader,  owed  its  existence  to  no  other  cause  than  the  attraction  of 
the  ink  for  the  paper,  occuning  by  chance,  without  the  interyention  of  an  intelligent 
agent. 

Matter  which  can  be  acted  on  by  the  force  of  grayitation  is  called  ponderable, 
while  that  which  is  unaffected  by  it  is  termed  imponderable.  The  particles  of  light, 
caloric  or  the  principle  of  heat,  the  electric  fluids  and  ether,  are  the  only  known 
imponderable  elements. 

Xittpeadeora'ble  Klatt— '■-— The  preyaiBng  opinion  at  preset  is,  that  heat,  light, 
and  eleetneity  are  not  tbemsehres  composed  of  material  particles,  but  are  produced  by 
yibrations  of  unknown  and  hi^y  elastic  fluids  called  ethers,  which  are  supposed  to  All 
the  whole  imiyeree,  and  penetrate  the  pores  of  all  solid  and  fluid  bodies.  Whether  the 
ether,  which  is  supposed  to  produce  light  by  its  yibrations,  be  the  same  as  the  etiker,  to 
which  the  effects  oi  heat  and  electricity  are  attnbnted,  can  only  «t  preseBd  be  ma^ef  of 
conjecture,  though  l^e  adyance  of  natural  seienoe  eyery  day  leads  ns  to  new  facts, 
which  seem  to  refor  heat,  light,  and  electricity  to  the  modifieotioiu  of  some  GOBEaiMm 
cause. 

WamdMoAim  llIaMw*— All  bodies  composed  of  pondeesble  matter  suiy  be  diyided 
into  simple  and  eompoimd  substanees.  By  simptle  sobstaiiiMS,  we  memi  those  which 
oaimoi  be  rsMliiod  by  &e  chemist  into  sny  mmpkc  eleneots:  ^vs  gold,  sQrer,  st&d 


'digitized  by  GoOglr 


SIMFLK  AKD  0<ntfP0^1V2>  BODIES. 


iron  are  siibple  substances;  l/rtam  and  steel  are  eompoimd,  brass  being  composed  of 
copper  and  zmcy  sted  of  iron  and  carbon.  The  copper,  sine,  iron,  and  carbon  are  aB 
considered  elementary  snbstances,  since  ire  have  not  been  able  to  find  any  simple  sub* 
stances  wMch,  combined  together,  will  form  them ;  nor  haye  we  been  Me  to  reeolre 
them  into  any  other  substances  than  themselves. 

The  number  of  elementary,  or,  perhaps  spealdng  moro  corrediy,  nndecomposible 
ponderable  substances  hitherto  discorered  amounts  to  sixty-three ;  two  or  three  of 
these  are  pei^ax>s  doubtful,  the  analysis  from  which  their  existence  has  been  assumed 
rcqcdring  further  confirmation.  These  elementary  substances  may  be  dirided  into  two 
classes — ^metaflioi^,  or  non^^etallic  elements,  and  metals.  There  are  twelve  non- 
metallic  elements-— oxygen,  fluorine,  chlorine,  bromine,  iodine,  selenium,  sulphur,  phos- 
phorus, boron,  carbon,  hydrogen,  and  nitrogen ;  the  rest  of  the  elements  are  metals. 
This  division  is,  however,  in  a  considerable  degree  arbitrary ;  silicinm  is  sometimes 
regarded  as  a  non-metallic  body,  and  iodine  and  bromine  as  metals. 

AH  ponderable  matter  hitherto  discovered  consists  either  of  some  one  or  other  ot 
these  elementazy  bodies,  or  is  a  compound  formed  by  the  combination  of  two  or  more 
of  them.  Water  will  afford  a  familiar  instance  of  a  compound  substance.  It  is  com- 
posed of  two  elementary  bodies,  oxygen  and  hydrogen,  combined  together  in  the  pro- 
portion of  one  part  of  hydrogen  by  weight,  to  eight  parts  of  oxygen  by  weight,  or  two 
measures  of  hydrogen  to  one  measure  of  oxygen,  when  we  take  as  our  measure  the 
cubic  space  occupied  by  the  gases  imder  the  same  pressure  and  at  the  same  temperature. 
This  is  proved  by  analysis,  or  the  decomposition  of  water  into  its  elements,  and  by 
synthesis,  or  the  composition  of  water  by  the  combination  of  its  elements.  The  analysis 
of  water  is  beautifully  shown  by 
means  ocf  galvanism.  If  two  hol- 
low sqTiare  glass  prisms,  closed 
at  0  and  H,  whose  bases  ore  each 
equal  to  a  square  inch,  and  gra- 
duated by  a  scale  of  inches  along 
(mc  of  their  edges,  so  as  to  show 
the  number  of  cubic  inches  they 
contain,  be  fifled  with  water,  and 
placed  inverted  in  a  vessel  A  B,  also 
containing  water,  in  such  a  manner 
that  the  prisms  may  remain  fbll 
of  water ;  if  now  the  wires  of  a 
galvanic  battery,  termmated  each 
by  a  piece  of  platinum  foil,  be  introduced  into  the  vessel,  so  that  the  platinum  foil  forming 
the  positive  pole  of  the  battery  may  be  within  the  prism  0,  and  that  forming  the  negative 
in  H ;  so  soon  as  the  battery  is  set  in  action,  bubbles  of  gas  will  rise,  as  it  were,  from  th^ 
platnram  foil,  and  occupy  the  upper  portion  of  the  prisms.  The  gas  in  the  upper  part 
of  0  win  be  pure  oxygen,  and  tiiat  in  H  pure  hydrogen.  The  gas  in  H  will  always 
occupy  twice  the  space  of  that  in  0 ;  but  if  the  gas  generated  in  any  given  time  in  Obe 
weighed  against  tllat  generated  in  H,  though  only  half  in  bulk,  it  will  be  eight  time*  as 
heavy.  For  this  beautiful  metiiod  of  analysing  water,  we  are  indebted  to  5FieholS(«i 
and  CarHste.  If  now  we  mix  the  oxygen  in  0  witft.  the  hydrogen  in  H,  both  gases 
will  entir^  cBsagppear  on  an  dftctric  spark  being  passed  through  th«n,  and  ttieir  plao* 
win  be  occupied  by  pure  water,  equal  in  weight  to  the  sum  of  tJie  wtsights  d  tfeet#W   | 
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gases ;  and  this  proves  the  composition  of  water  by  synthesis,  or  the  combination  of  its 
elements.  We  are  thus  enabled,  by  means  of  electricity,  to  show  the  composition  of 
water,  both  analytically  and  synthetically.  The  composition  of  water  can  also  be  deter- 
mined by  making  one  or  other  of  its  elements  combine  with  other  elements,  which  is 
the  chemical  mode  of  analysis. 

By  methods  similar  to  those  employed  for  the  analysis  of  water,  all  compound 
substances  hitherto  met  with  have  been  analysed,  and  their  constituent  elements  deter- 
mined ;  it  does  not  follow,  however,  that  these  elements  may  not  hereafter  be  shown 
to  be  either  compounds  of  one  another,  or  composed  of  elements  not  yet  discovered. 
For  a  long  time  the  well-known  substances  potash  and  soda  were  regarded  as  elemen- 
tary, until  Davy,  by  means  of  his  powerful  galvanic  battery,  resolved  them  into  com- 
binations of  the  gas  oxygen,  with  the  hitherto  unknown  metals  potassium  and  sodium- 
metals  so  light  as  to  swim  on  water,  and  so  inflammable  as  to  be  set  on  fire  by  mere 
contact  with  water. 

In  animal  and  vegetable  bodies,  the  vital  force,  whatever  it  may  be,  is  able,  out  of 
the  four  elements,  oxygen,  hydrogen,  nitrogen,  and  carbon,  to  form  a  number  of  com- 
pounds which  seem  to  defy  our  powers  of  enumeration.  Liebig  tells  us  that  in  living 
bodies,  "  with  carbon  and  nitrogen,  with  carbon,  hydrogen,  and  oxygen,  with  nitrogen 
and  hydrogen,  are  formed  compound  atoms,  which  in  their  properties  are  perfectly 
analogous  to  chlorine,  to  oxygen,  or  to  sulphur,  or  to  a  metallic  body — not  in  a  few 
isolated  points  of  resemblance,  but  in  aU  their  properties.  It  is  scarcely  possible  to 
imagine  anything  more  wonderful  than  that  carbon  and  nitrogen  should  form  a  gaseous 
compound  (cyanogen),  in  which  metals  bum  with  the  evolution  of  light  and  heat, 
as  in  oxygen  gas ;  a  compound  substance,  which  in  its  properties  and  deportment  is 
a  simple  substance, — an  element^  the  smallest  particles  of  which  possess  the  same  fonn 
as  those  of  chlorine,  bromine,  and  iodine,  since  it  replaces  them  in  their  combinations 
without  any  alteration  in  the  crystalline  form  of  the  compound." — ^Liebio's  Letters  on 
Chemistry. 

From  this  we  may  not  unreasonably  conclude  that  it  is  probable  that,  as  che- 
mistry advances,  the  number  of  so  called  elementary  substances  may  be  considerably 
diminished. 

The  three  Mechanical  States  of  Mattez.— All  ponderable  matter  is  found 
in  one  or  other  of  three  states — ^the  solid,  liquid,  or  aeriform.  A  solid  body  is  com- 
posed of  particles  of  matter  united  together  by  forces  which  cause  the  body  to  retain 
its  shape  unaltered,  except  the  particles  are  forced  asunder  or  displaced  by  some  degree 
of  violence ;  a  solid  body  is  considered  hard  or  soft,  according  as  it  requires  a  greater  or 
less  degree  of  force  to  alter  its  form  or  displace  its  particles.  The  particles  which  form 
a  liquid  body,  are  imited  together  in  such  manner  as  to  allow  them  to  move  about 
one  another  with  great  freedom  and  with  but  little  friction ;  a  liquid  consequently  yields 
so  readily  to  external  force  or  pressure,  that  it  retains  no  form  of  its  own,  but  readily 
assumes  that  of  any  vessel  in  which  it  may  be  placed,  without  altering  its  volume. 
A  gas  or  aeriform  fluid  is  one  whose  particles  mutually  repel  each  other  in  such  a 
manner  that  a  gas  has  neither  definite  form  nor  volume ;  its  form  and  volume  being 
only  limited  by  the  vessel  in  which  it  is  inclosed,  or  by  the  pressure  exerted  on  it. 
A  quantity  of  gas,  however  small,  may  be  made  to  fill  a  vessel  of  any  size  or  shape. 

Heat  and  pressure  seem  to  be  chief  causes  of  bodies  existing  in  each  of  these  three 
states,  and  it  is  probable  that  there  is  a  particular  temperature  and  pressure  for  every 
solid  body  at  which  it  would  assume  any  one  of  these  threo  states.    There  is  no  solid 
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sobstanco  known  which  may  not  be  rendered  liquid,  and  finally  converted  into  vapour, 
by  the  application  of  a  heat  sufficiently  intense ;  and  we  may  reasonably  conclude  that 
all  bodies  which  are  liquid  would  become  solid  or  freeze,  if  we  could  aufficiently  reduce 
their  temperature,  although  some  liquids  have  hitherto  resisted  the  greatest  amount  of 
cold  we  have  been  able  to  procure  by  artificial  means.  Some  vapours  or  aeriform  fiuids 
are  readily  condensed  by  cold  into  the  liquid  state;  others  require  great  intensity  of 
cold,  or  great  pressure,  or  both  combined,  to  render  them  liquid;  and  we  may  iofer,  from 
the  gases  already  condensed  by  cold  and  pressure,  that  all  might  be,  could  we  only 
procure  the  necessary  degree  of  cold  and  pressure. 

Water  is  known  in  three  states— the  solid,  the  liquid,  and  the  aeriform;  and  the 
amount  of  heat  by  which  it  is  influenced  at  the  moment  determines  its  existence  in  one 
or  other  of  these  three  conditions.  Quicksilver,  which  like  water  is  liquid  at  the  ordi- 
nary temperature  of  the  earth's  surface,  is  known  in  the  solid  state  during  the  winter 
of  the  arctic  regions ;  and  by  a  temperature  such  as  that  at  which  oil  boils  it  is  converted 
into  vapour.  Sulphuric  acid,  that  is  oil  of  vitriol,  when  wholly  deprived  of  water,  is 
known  in  the  solid,  the  liquid,  and  the  aeriform  states,  according  to  the  temperature  to 
which  it  is  subjected.  Sulphurous  acid,  the  body  formed  by  burning  sulphur  in  the 
air,  is  a  gas  at  ordinary  temperatures,  but  on  being  exposed  to  cold,  that  is,  being 
deprived  of  some  portion  of  its  heat  (for  the  idea  that  cold  is  a  positive  quality  seems 
now  wholly  abandoned),  is  converted  into  a  liquid. 

Chemists  term  those  aeriform  bodies  which  exist  in  that  state  at  the  ordinary  tem- 
perature of  the  atmosphere,  "  gases;**  while  they  restrict  the  use  of  the  term  "vapour" 
to  those  which  require  a  higher  temperature  to  retain  them  in  the  aeriform  state.  By 
this  rule,  water  in  the  aeriform  state  is  called  a  vapour,  while  sulphurous  acid,  which 
requires  cold  to  convert  it  into  the  liquid  state,  is  called  a  gas. 

Soniie  bodies  are  known  only  in  the  aeriform  state,  or  as  gases;  that  is,  the  means 
of  converting  them  into  the  liquid  and  solid  forms  have  not  yet  been  discovered. 
Oxygen  gas,  or  that  element  of  the  atmosphere  which  is  essential  to  the  support  of 
ordinary  combustion  and  of  animal  and  vegetable  life,  is  an  example.  This  gas  has 
hitherto  resisted  all  the  attempts  made  by  the  joint  efforts  of  cold  and  pressure  to  con- 
dense it  into  a  liquid  or  a  solid.  It  is  not  therefore  to  be  concluded  that  it  is  impos- 
sible for  oxygen  gas  to  exist  in  the  liquid  or  in  the  solid  state ;  but  only  that  this 
conversion  requires  a  greater  amount  of  cold,  or  a  greater  amount  of  pressure,  or  of 
both  conjoined,  than  science  has  as  yet  at  its  command. 

A  number  of  bodies  which  exist  at  common  temperatures  as  gases,  can  be  con- 
verted into  liquids  by  the  joint  effect  of  cold  and  pressure ;  a  few,  like  sulphurous 
acid  gas,  already  mentioned,  are  changed  from  the  gaseous  to  the  liquid  state  by  cold 
alone. 

Some  bodies,  as  the  metal  arsenic,  by  the  effect  of  heat,  at  least  under  the  ordinary 
atmospheric  pressure,  pass  at  once  from  the  solid  to  the  aeriform  state.  Carbonic  acid, 
the  gas  which  escapes  in  the  effervescence  of  soda  water,  at  the  freezing  point  of  water 
(32°  Fahr.),  is  condensed  by  a  considerable  pressure  into  a  Uquid,  and  then,  being  relieved 
from  pressure,  part  of  it  passes  into  a  solid  by  the  effect  of  the  cold  produced  by  its  own 
evaporation.  Hence,  as  carbonic  acid  is  not  known  as  a  liquid,  except  under  great 
pressure,  it  must  be  regarded  as  an  example  of  a  solid,  which  passes,  under  the  ordinary 
pressure  of  the  atmosphere,  at  once  into  the  aeriform  state.  Carbonic  acid  is  the  only 
instance  yet  known  of  a  solidified  gas. 

From  what  we  have  thus  incidentally  said,  it  sufficiently  appears  how  much  the 
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psessuze  of  thd  «tmoiq)b.eTe  preyoiliBg  at  tmj  movaent  must  lafljience  tbd  piopedies 
of  bodies. 

Xow  §tm  lioilMii  oui  eadflt  la  tlui  fJuree  Mecbmical  9tatM.--After  the 

precediiag  deloils,  w^  appear  to  be  in  a  coiidition  to  detenoine  lio-v  £ar  it  is  wttiant^ 
aMe  to  awume  it  to  be  a  law,  thajt  aJl  bodies  are  capable  of  ezistmg  in  the  nolid, 
the  liquid,  and  the  aeriform  states.  One  great  Umitatiozi  to  this  proposition  at  onc€ 
suggests  itself,  nanidy,  that  maaj  compound  bodies  existing  in  the  solid  state  are 
deccHuposed  by  heat,  before  any  radication  is  shown  eitker  of  fusion  or  liquefa^tioiL 
Some  of  these,  however,  become  fused  without  dacompositioij,  when,  togetber  with  a 
high  temperature,  a  sufficient  amount  of  pressure  is  implied.  Thus  limestone,  termed 
by  chemisto  carbonate  of  lime,  and  consisting  of  quick  lime  and  carbonic  acid,  when 
exposed  in  a  lime^kiln  to  boat,  gives  off  carbonic  acid  gas,  and  becomes  converted  into 
quix^  lime ;  but,  if  a  very  strong  pressure  be  applied  at  the  same  time  with  the  heat, 
tiie  hmesbcme  fuses  without  losing  any  part  of  its  volatile  ingredient.  After  the  dedue- 
tion,  however,  of  all  the  eases  of  this  sort,  the  number  of  exceptions  occurring  in  the 
list  of  compound  bodies  is  very  g)?eat ;  particularly  when  organic  compounds,  that  is, 
tiie  animal  and  vegetable  solids,  are  included. 

But  let  us  examine  bow  far  it  will  hold  as  a  law  of  nature  that  all  simple  bodies  ore 
capable  of  existing  in  the  solid,  the  Hquid,  and  the  aeriform  states,  provided  unlimited 
means  were  afforded  of  increasing  or  dimini.shing  temperature. 

Of  Hub  sixty-three  aimptle  bodies,  five  exist  at  the  ordinary  temperature  of  the 
atmosj^re,  in  the  aeiifonn  state,  namely,  oxygen,  chlorine,  fluorine,  nitrogen,  and 
bydrogen;  two  la  the  liquid  state,  the  one  non-metallic,  bromine,  and  tbe  other  metallic, 
quicksilver.    Tbe  remaining  simple  bodies  exist  naturally  as  solids. 

Of  the  ffve  gaseous  simple  bodies,  none  have  as  yet  been  converted  into  the  soUd 
staise,  and  only  one  into  1^  liquid  state,  namely,  chlorine ;  and  this  gas,  raoreov^,  not 
when  dry,  but  wben  ccmbined  with  moisture,  forms  crystals. 

The  two  natural  liquids,  bromine  and  quicksilver,  are  known  in  the  solid  and  the 
aenfoonn,  as  wcU  as  m  the  liquid  state,  according  to  tbe  temperature  to  which  they 
axe  exposed. 

Of  the  non^-mfitallic  simple  solid  bodies,  four  are  known  also  in  the  liquid  and  aeri- 
iansi  states,  namdfy,  iodine,  sulphur,  phosphorus,  and  silemum. 

The  metallic  solids  are  all  fusible,  or  at  least  all  that  have  been  sufficiently  examined ; 
the  heat  required  being  very  various — from  below  the  boiling  point,  to  the  highest 
temperature  which  the  oxy-^hydrogen  blowpipe  can  produce. 

Thus,  of  the  sixty-three  simple  bodies  in  modem  chemistry,  no  more  than  thirteen 
ace  known  as  existing  under  any  ordinary  variation  of  temperature  in  the  three 
mechanical  states  of  solid,  liquid,  and  aeriform.  Of  the  remainder,  all  but  eight  are 
known  in  two  of  <^ese  states,  namely,  the  solid  and  the  liquid;  while  only  one,  namely, 
chlorine,  is  known  in  the  liquid  and  in  the  gaseous  states,  without  being  also  known  in 
Ihe  solid  state. 

If;  then,  it  be  assumed  to  be  a  law  of  nature  that  all  simple  bodies  are  oapaUe  of 
existiDg  in  ihe  i&ree  mechanical  states,  solid,  liquid,  and  aeriform,  the  assumption  rests 
CHBL  tiie  not  improbable  supposition,  that  the  failure  to  exhibit  all  these  bodies  in  each 
of  these  three  states,  arises  from  the  ioabihty  of  the  chemists  as  yet  to  produce  a  suf- 
fidfiut  degree  of  heat,  or  a  sufficient  degree  of  cold  for  the  puzpose. 

BiTisibility  of  Mattez.— Whetiier  matter  is  or  is  not  izi£nitely  divisible,  has 
long  been  a  matter  of  dispute,  and  still  remains  so ;  indeed,  we  have  not  any  evidence 
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firtibaooeijpiBmartiijBodurirfucli  ombe  deoned  itncdy  oondatiTe;  sadpvluqpe 
^  sniiiect  may  be  oae  wMdi  nagr  finr  erer  ehide  our  powen  of  wuljm.  Th«t  ipttBe 
jugr  be  iofiBitdy  dindikle,  appears  to  be  one  of  the  tTJomatir  prindplei  of  Geflnebj, 
and  Mema,  iadead,  mrolTed  ia  oar  dfttinition  of  a  geonetrical  point,  vUch  ve  define 
in  be  ^<  Tbat  whkk  htm  no  porta,  and  iHiich  baa  no  mafnitode."  fivt  we  muat 
wmsaAer  that  tliia  seomeirical  point,  as  well  as  tiie  line,  wbick  baa  kngth  witbout 
breadth,  wbieb  we  nay  eoaeeiTO  to  be  fimned  by  tiie  inotum  of  diia  pomt,  ia  only  a 
nantel  abatraetioo,  aod  can  hardly  be  said  to  bare  a  pbysieal  exiatSDoe.  The  amallest 
Mae  whidi  we  can  aoppose  to  exist,  ean  yet  be  divided  geometricaUy  into  its  thoop 
^iyM»,  or  Biillionih  part,  wid  Ihat  miUionth  part  again  into  its  millioiitb,  and  so  on 
for  ever ;  fiir  if  we  came  anywhere  to  a  point  where  our  diTiaion  could  proceed  no 
fnrtiber,  faowerer  viaute  mi^  be  the  length  of  our  nhiroatply  indiTisible  line,  we 
duynld  arrire  at  a  point  which  bad  parts  and  magnitude. 

If  we  eoDoeiTe  matter  infinity  difiaiUe,  in  the  same  sense  that  a  geometrical 
miijii  is  infinitely  diyisible,  we  shonld  arrive  at  a  ph3r8ical  point,  which,  like  the 
geometrieal  one,  woold  be  without  ports  or  magnitude;  far  if  possessed  of  parts  or  mag- 
mtode,  it  could  not  hare  been  infinitdy  diyidod.  Those,  therefore,  wbo  hold  that 
Batter  is  infinitiTely  diyisible,  must  oooceiTe  all  matter  to  be  composed  of  an  infinite 
munber  of  physicaL  points,  and  maintaiTi  the  seeming  paradox  that  an  infinite  mnaber 
of  notMnga  may  mahe  a  something.  Tbia  paradox  is  not  confined  to  Physics, — ^it  lies  at 
the  coot  of  geometry,  and  infects  our  highest  mathematical  analyses,  in  spite  of 
all  the  ingenious  subtleties  wbaeh  have  been  inyented  to  get  rid  of  it.  If  the 
hypothesis  of  the  infinite  diriaibilityof  matter  be  true,  the  physical  points  to 
which  matter  must  be  conceiyed  to  be  ultimately  reduced,  most  be  without 
Yolume,  and  destitute  of  what  we  generally  suppose  to  be  the  ordinary  attributes  of 
the  ultimate  particles  of  matters-solidity  and  impeneteahility.  They  are,  infoct,  mere 
pMsts,  which  are  centres  of  force.  The  ultimate  particle  of  matter  which  ean  no 
hmger  be  diyaded,  is  called  an  atom,  a  term  deriyed  from  the  Crreek  language,  signifying 
that  which  cannot  be  cut  Aecording  to  the  theory,  therefore,  of  the  infinite  divisibility 
of  matter,  the  ultimate  atens  are  atoms  or  molecules  of  force,  destitute  of  any  solid 
oneleL  This  is  the  theory  of  Boaoovich,  which  has  lately  been  reviyed,  with  great 
foiee  aasd  most  powerfol  reasoning,  by  Faraday,  as  the  only  satisfactory  hypothesis  for 
the  «onstitutioa  of  matter  viewed  in  relation  to  the  electric  and  magnetic  forces. 

That  matter  is  not  infinitely  diyisible,  has  been  held  by  some  of  the  most  diatiop 
guished  natural  ^ulosophers,  foremost  among  whom  we  must  place  Newtoo.  They 
maintain  that  the  uhjuate  particles  of  matter  are  hard  and  solid,  and  therefore  of  a 
ddSnite  mass  and  volume ;  though  they  are  so  small  as  to  defy  all  our  optical  inatm- 
ments,  however  great  their  magnifying  power,  to  enable  us  to  perceive  them,  even 
suppo^g  we  had  mechanical  or  other  means  by  which  we  could  divide  a  body  until 
we  arriyed  at  its  ultimate  atoms.  These  atoms  are  not  only  indivisible  but  also  iade* 
stroctible  and  incapaUe  of  being  worn.  The  atomic  theory  of  chemistry  is  supposed 
to  foroiir  the  i^inion  of  the  finite  divisibility  of  matter.  If  we  take,  for  instance,  a  conu 
pound  substance,  uxuk  as  water,  which  we  have  already  considered,  and  whidi  is 
eonposed  of  definite  weights  of  oxygen  and  hydrogen,  it  is  argued  that  there  must  be 
some  point  between  a  distinctly  visible  particle  of  water,  and  ite  infinite  divisibility  aa 
a  portion  of  matter,  at  which  the  oxygen  must  be  detached  from  the  hydrogen ;  or  that 
water,  by  mere  mechanical  division,  would  be  resolved  into  its  elements,  if  we  couM 
carry  our  diyiaxon  jEar  enough ;  but  this  is  mere  assumption,  for,  aeeording  to  Ihe  theory 
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of  Boflcoyich,  if  we  consider  an  atom  of  oxygen  as  an  atom  of  force,  haying  properties 
of  force  different  from  those  of  the  atom  of  force  constituting  the  atom  of  hydrogen, 
we  may  conceive  the  atom  of  hydrogen  to  combine  with  the  atom  of  oxygen,  and  form 
a  new  atom  of  force—water— whose  properties  of  force  may  be  essentially  distinct  from 
those  of  oxygen  and  hydrogen.  As  the  atoms  of  oxygen  and  hydrogen  are  mere  physical 
points  of  force,  the  atom  of  water  may  be  the  same ;  and  consequently  water  itself  may 
be  capable  of  infinite  diyisibility  quite  as  much  as  either  of  its  constituents. 

In  addition  to  these  ccmsiderations,  the  atomic  theory  of  chemistry,  if  we  make  it  to 
depehd  upon  the  fact  that  the  ultimate  atoms  of  matter  are  indivisible,  which  it  need 
not,  will  lead  us  into  no  small  difficulties,  as  Dr.  Whewell  has  shown : — "  According  to 
the  theory,",  he  say^,  ^^  all  salts,  compounded  of  an  acid  and  a  base,  are  analogous  in 
their  atomic  constitution ;  and  the  number  of  atoms  in  one  such  compound  being  known 
or  assumed,  the  number  of  atoms  in  other  salts  may  be  determined.  But  when  we 
proceed  in  this  course  of  reasoning  to  other  bodies,  as  metals,  we  find  ourselves  involved 
in  difficulties.  The  protoxide  of  iron  is  a  base  which,  according  to  all  analogy,  must 
consist  of  one  atom  of  iron,  and  one  of  oxygen ;  but  the  peroxide  of  iron  is  also  a  base, 
and  it  appears,  by  the  analysis  of  this  substance,  that  it  must  consist  of  two-thirds  of  an 
atom  of  iron  and  one  atom  of  oxygen.  Here,  then,  our  indivisible  atoms  must  be 
divisible,  even  upon  chemical  grounds.  And  if  we  attempt  to  evade  this  difficulty  by 
making  the  peroxide  of  iron  consist  of  two  atoms  of  iron  and  three  of  oxygen,  we  have 
to  make  a  corresponding  alteration  in  the  theoretical  constitution  of  all  bodies  analogous 
to  the  protoxide:  and  thus  we  overturn  the  very  foundation  of  the  theory.  Chemical 
{acts,  therefore,  not  only  do  not  prove  the  atomic  theory  as  a  physical  truth,  but  they 
are  not,  according  to  any  modification  yet  devised  of  the  theory,  reconcileable  with  its 
scheme." 

We  must  remember  that  each  of  these  atomic  theories  arc  mere  hypotheses,  which 
may  or  may  not  be  true.  They  may  afford  us  most  valuable  assistance  in  grouping 
together  physical  facts  into  laws,  and  thus  materially  extend  our  knowledge;  but  as  we 
have  before  said  of  force  so  we  now  say  of  mattei^-that  we  are  utterly  ignorant  of  its 
essential  constitution.  We  may  still  say  with  Sir  I.  Newton,  that  "  we  do  not  know 
what  the  substance  of  anything  is.  All  that  we  see  of  bodies  is  their  figures  and 
colours — ^we  hear  only  their  sounds — ^we  touch  only  their  outward  surfaces, — ^we  smell 
only  their  scents,  and  taste  only  their  savours.  We  know  not  their  inward  substances 
by  any  sense  or  any  reflex  act." 

We  have  referred  to  the  infinite  divisibility  of  a  geometrical  straight  line,  and  it  is 
a  curious  subject  to  consider  how  far  art  is  able  to  carry  the  actual  subdivision  of  a 
straight  line.  The  division  of  a  slip  of  ivory,  an  inch  long,  into  a  hundred  equal  spaces, 
each  of  which  is  distinctiy  visible,  is  a  work  of  no  great  difficulty.  "With  the  fine 
point  of  a  diamond,  applied  by  means  of  a  very  delicate  screw,  five  thousand  equi-dis- 
tant  lines  can  h*  traced  on  glass  within  the  space  of  a  quarter  of  an  inch,  the  effect  of 
the  division  on  the  glass  being  to  produce  a  play  of  prismatic  colours.  By  similar 
means,  the  like  division  can  be  produced  on  a  piece  of  steel.  A  prize  medal  was 
awarded  by  the  jurors  of  the  Great  Exhibition  to  Mr.  Nobert,  of  Prussia,  for  tracing 
parallel  lines  on  glass,  which  were  only  the  one-forty-seventh-thousandth  of  an  inch 
apart,  and  required  a  magnifying  power  of  two  thousand  to  distinguish  them. 

The  ductility  of  metals  exhibits  the  divisibility  of  matter  in  its  most  practical  light. 
It  is  difficult,  however,  when  such  degrees  of  extension  are  described,  to  convey  to  the 
mind  an  adequate  idea  of  the  actual  tenuity  which  is  attained ;  and  when  the  hun- 
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dredth  part  of  an  inch  Ib  spoken  o^  the  imagination,  nnaocustomed  to  such  minutiflB  of 
division,  feela  totally  bewildered. 

The  following  examples  will  assist  us  to  form  an  adequate  conception  of  the  great 
tenuity  of  which  some  kinds  of  matter  are  susceptible.  Human  hair  yaries  in  diameter 
£rom  the  two-hundred-and-fiftieth  to  the  six-hundredth  part  of  an  inch.  A  sheet  of 
common  writing  paper  has  a  thickness  of  about  the  five-hundredth  part  of  an  inch.  A 
pound  of  cotton  can  be  spun  into  a  thread  seventy *flve  miles  in  length,  the  diameter  of 
which  is  the  three-hundred-and-fiftieth  part  of  an  inch.  A  pound  of  wool  can  be  spun 
into  a  thread  ninety-five  miles  in  length,  the  diameter  of  which  is  the  four-hundredth 
part  of  an  inch.  The  fibre  of  the  coarsest  wool  is  about  the  five-hundredth  part  of  an 
inch — that  of  the  finest  being  about  the  fifteen-hundredth  part  of  an  inch  in  diameter. 
Gold-beater's  leaf,  which  is  the  pellicle  separated  firom  the  outer  part  of  the  great  in- 
testine of  the  ox,  has  a  thickness  of  about  the  three-thousandth  part  of  an  inch.  The 
silk  line,  as  spun  by  the  worm,  is  about  the  five-thousandth  part  of  an  inch  thick.  A 
spider's  thread  is  about  the  thirty-thousandth  part  of  an  inch  in  diameter,  so  that  a 
single  pound  of  this  fine  drawn  substance  would  suffice  to  encircle  the  globe.  A 
ribbon  of  gold,  six  yards  long,  and  an  inch  and  a  quarter  wide,  weighing  one-thousand- 
and-fifty-six  grains,  is  finally  extended,  by  hanmiering,  into  two  thousand  leaves  of 
3|  inches  square,  or  into  eighty  books,  containing  each  twenty-five  leaves.  Every 
I^  weighs  rather  less  than  the  half  of  a  grain,  and  its  thickness  is  the  one-hundred- 
and-nine-thousandth  part  of  an  inch.  In  the  gilding  of  buttons,  five  grains  of  gold, 
applied  as  an  amalgam  with  mercury,  are  allowed  to  each  gross.  In  this  case,  the 
coating  left  must  be  one-hundred-and-ten-thousandth  part  of  an  inch  in  thickness. 
If  a  piece  of  ivory,  or  a  bit  of  white  satin  be  immersed  in  a  nitro-muriatic  solution 
of  gold,  and  be  then  plunged  into  a  jar  of  hydrogen  gas,  it  will  become  covered  with  a 
surface  of  gold  hardly  exceeding  in  thickness  the  ten-millionth  part  of  an  inch.  The 
gilt  wire  used  in  embroidery  is  made  by  extension  over  a  surface  of  silver.  A  silver 
rod  about  two  feet  long  and  an  inch  and  a  half  in  diameter,  is  coated  with  about  eight 
hundred  grains  of  pure  gold,  although  sometimes  only  one  hundred  grains  of  gold  is 
allowed  to  the  pound  of  silver.  The  gilded  rod,  now  weighing  about  twenty  pounds, 
by  bein^  drawn  through  a  succession  of  smaller  and  smaller  holes,  is  at  last  stretched  to 
the  almost  incredible  length  of  two-hundred-and-forty  miles,  the  gold  being  conse- 
quently attenuated  three-hundred  times,  so  that  each  grain  covers  a  surfiice  of  ninc- 
thousand-six-hundred  square  inches.  The  wire  is  next  flattened,  by  which  a  further 
extension  is  produced,  and  its  thickness  reduced  to  the  four  or  five-millionth  part  of  an 
inch.  A  wire  of  pure  gold  can  be  drawn,  the  thickness  of  which  shall  not  exceed  the 
four-thousandth  part  of  an  inch.  A  wire  of  platinum  can  be  made  of  still  greater  fine- 
ness. Dr.  WoUaston  drilled  a  fine  hole  through  the  axis  of  a  cylinder  of  silver,  about 
the  third  part  of  an  inch  in  diameter ;  through  this  hole  he  passed  a  platinum  wire, 
no  more  than  tho  thousandth  part  of  an  inch  in  thickness.  The  silver  cylinder  was 
then  drawn  through  a  succession  of  decreasing  holes,  till  its  thickness  was  reduced  to 
the  fifteen-hundredth  part  of  an  inch ;  the  platinum  wire  being  in  the  meantime  pro- 
portionally reduced,  became  between  the  four  and  five-thousandth  part  of  an  inch  in 
thickness.  By  means  of  nitric  acid,  the  coating  of  silver  was  then  removed.  By 
carrying  the  extension  of  the  silver  mould  still  farther,  he  obtained,  on  some  occasions, 
platinmn  wires  of  no  more  than  the  thirty-thousandth  part  of  an  inch  in  thickness^ 
Silver  leaf  is  nearly  twice  as  thick  as  gold  leaf,  being  the  one-hundred-and  fifty-thou- 
sandth part  of  an  inch  in  thickness.    Copper  and  tin,  forming  Dutch  leaf,  cannot  be 
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beaten  thinner  than  tke  twenty ^thouaandtlL  part  oiaaiimk,  Asingk  gvaaa,  of  Ua« 
vitriol, — the  sulphate  of  copper, — gives  a  fine  azure  tint  to  fiT6  gallons  4>f  wider ;  ia,  this 
case,  tke  salt  must  be  expanded  at  least  ten  znilHons  of  times. 

The  subdivision  of  odorifbrous  partieles  exceeds  even  these  caBam^lM.  A  msf^ 
grtun  of  musk  has  been  known  to  perfume  a  large  room  f(Hr  tiie  spaee  of  twenty  jmua. 
Sir  Jishn  LesUe  computes  that  the  musk,  in  such  a  case,  must  have  been  subdivided 
three-hundred-and-twenty  quadrillions  of  partides,  each  of  them  capable  of  «fB?!etin|^ 
the  olfactory  organs.  A  lump  of  asgi£(etid»,  exposed  to  tbe  air^  was  found  to  lose  only 
one  grain  in  seven  weeks. 

In  organic  living  nature,  th.e  infusory  ftTiimfllfiiles  exeeed  ererything  which  can  be 
c<mceived  of  minuteness.  The  vibrio  unduiaia  found  in  dnek-wfsed,  is  computed  to  be 
ten-thousand-million  of  times  less  than  a  hemp-seed. 

Having  considered  the  theories  of  th.e  divisibility  of  matter  iniio  its  11^tllaat^  par- 
ticles or  atoms,  and  bow  far  matter  can  be  divided  by  mcehanieal  and  odier  means, 
we  proceed  to  th.e  considcraticai  of  some  otiier  ^x)p(»rties  common  to  all  ponderable 
matter. 

Gxa/fity. — There  is  one  property  common  to  all  ponderable  matter-^-a  property  not 
confined  to  our  own  globe,  but  one  which  astroDuomcrs  have  moat  fajumphantly  shown 
to  belong  to  the  matter  composing  all  the  heavenly  bodies  throughout  the  unrrcrse. 
This  property  is  gravity.  "We  are  indebted  to  Sir  L  Newton  for  die  discovery  of  the 
law  of  gravitation — the  most  general,  and,  at  the  same  time,  one  of  the  mxist  importani 
laws  ever  revealed  to  Kuman  intellect.  It  is,  that  all  th.e  heavenly  bodies  attract  one 
another  by  a  foree  varying  directly  as  their  mass,  and  inversely  as  the  aquare  of  their 
distance  &om  one  anotlier ;  the  joaB&  of  a  body  being  considered  as  tiie  sum  of  the  par- 
ticles of  matter  constituting  the  body,  and  that  this  law  applies  jilso  to  every  particle  of 
matter  in  the  universe.  To  estimate  this  force  we  mast  have  some  measure.  Ifiow  there 
axe,  as  we  have  elsewhere  observed,  two  missuses  oiiarcQ ;  we  may  estamate,  for  in«tR.iMM»., 
the  earth's  attraction  for  a  body  by  the  pressure  the  body  exerts,  the  measure  <if  wbS^h 
will  be  its  weight,  or  by  the  veloeity  with  which  it  wiU  pass  through  a  given  space, 
which  will  be  measured  by  the  spaee  passed  through,  in  a  given  ihofi  iroui  the  eom- 
mencement  of  the  motion.  The  first  of  these  measures  is  £ound  to  depend  on  the  mass 
of  a  body,  and  the  hitter  is  independent  of  the  mass,  being  the  same  for  all  bodies, 
however  large  or  heavy  they  may  be,  and  is  there&re  generally  dboaen  as  tho  best 
measure  of  force,  when  the  motion  of  bodies  is  to  be  estimitted.  Wlten  we  say  tiiat  a 
force  varies  directly  as  the  mass  of  the  attTSictiiig  body,  and  inversely  as  tise  squaxs  jof  its 
distajQce  horn  the  body  atiteacted,  we  mjean  that  Ihe  force  of  attcaetion  will  be  measured 
by  the  mass  divided  by  the  square  of  title  distance.  Thus,  if  we  suppose  one  body.  A, 
whose  mass  equals  one  thotisand,  or,  in  other  words,  a  body  composed  of  one  tiiouaead 
particles  of  matter,  and  B,  another  body  composed  of  ten  gravitating  partaeles,  and  con- 
ceive these  bodies  placed  at  a  distance  of  one  mile  apart,  where  iksj  could  be  inflnenoed  by 
no  other  matter,  the  force  of  A's  attraction  on  B  would  be  repnesented  by  (ma  tiiooaand, 
and  of  B  on  A  by  ten ;  and  if  A,  by  its  attraction,  drew  B  through  one  thousand  mcfaM 
in  the  first  second  of  time  aiter  the  bodies'  action  on  one  another,  B  wouM  draw  A 
through  ten  inches  in  the  same  time.    If  A  and  B  had  been  h  a  mile  apart,  A's  attrae- 

tion  on  B  would  have  been  represented  by  1000  -i- -^  or  1000  -f-  J,  which  =  4jOCO, 

and  the  distance  through  which  A  would  have  drawn  would  be  4000  in^jhes;  B's  attzac- 

tion  on  A  would  have  been  10  -f-  3-  or  10  x  4,  and  A  would  be  drawn  flirough  40 


Digitized  by 


Google 


PERTTOBAnONS  OF  IBS  KJkMVXAKT  tliTEM. 


11 


iadbf  .  U  tlw  itiitenoa  kU  beta  4  of  a  nils,  A'0  attractiaa  on  B  wodd  1ut«  heen 
1000  4^1  «ri>«ULeh  =  9000;  aadBanA.lO-rp-  or  90;  intfaMoaaeA  vouU 
draw  B  tlirougli  9000  mt^ea,  while  B  irould  draw  A  through  90  inches,  in  the  first 
second  of  time  after  th^  action  on  each  other. 

It  follows,  from  the  law  of  gratitation,  that  Hie  smallest  stone  which  fslli  to  the 
earth  attracts  llie  earth,  just  as  truly  as  tilie  earth  atls^cts  the  stcme ;  hot  the  mu»  ai 
the  earUi  is  so  great,  compared  with  the  mass  of  the  stone,  that  the  dista&ee  through 
which  Uie  ear&  is  drawn  by  l&e  stone  during  its  deseent  is  inappreciable  to  any 
known  measvzrement,  howerer  small.  Again,  the  earth  attracts  the  sun  as  truly  as  the 
sun  attracts  Hie  eardi,  but  the  mass  of  the  sun  is  so  great,  as  compared  with  the  earth, 
that  in  calculation  the  mass  of  the  earth  may  be  neglected.  In  the  solar  system  we 
have  planets  and  comets  revolving  round  the  sun,  and  satellites  reyolving  about  planets, 
in  curves  which  are  very  nearly  such  as  may  be  obtained  by  the  section  of  a  cone,  and 
are  therefore  called  eonic  sections.  The  reason  why  the  satellites  do  not  &U  into  tfieir 
primaries,  and  the  planets  and  comets  into  the  sun,  is  because  they  have  at  some  time 
received  an  impulse  from  some  force  other  than  that  of  gravitation,  in  a  different  direc- 
tion than  the  line  joining  tlie  attracting  bodies,  at  the  instant  of  its  action.  Of  the 
«igin  of  this  force  we  are  ignorant,  as  we  are  also  of  its  nature.  All  we  know  is,  tliat 
this  unknown  force,  having  once  acted  and  then  ceased,  the  law  of  gravitation,  and 
the  three  laws  of  motion,  are  quite  sufficient  to  account  Ibr  the  motions  of  the  heavenly 
bodies  with.  tSie  greatest  accuracy.  We  said  that  tJie  bodies  of  the  sokr  system  moved 
in  curves  which  were  nearly  conic  sections.  Now,  tliough  tie  mass  of  any  one  of  the 
planets  may  be  notiiing.  when  compared  with  the  sun,  this  is  by  no  means  the  case 
when  compared  with  one  another ;  and,  since  all  the  particles  of  matter  in  the  solar 
system  attract  one  another,  it  fc^ows  that  one  x^anet  must,  in  some  measure,  influence 
liie  motion  of  another.  If  the  planets  had  no  influence  on  each  other,  they  would 
describe  accurately  conic  sections ;  but  their  mutual  influeice  produces  a  perturbation, 
which  causes  each  planet  to  describe  an  irregular  orbit,  difllbzing  slightly  from  tie  regular 
curve,  which  it  would  have  described  without  any  disturbing  influence.  The  same  applies 
also  to  the  oibits  of  the  satellites.  This  perturbation  affords  the  most  delicate  test  of 
the  truth  of  the  law  of  gravitation  and  its  accuracy.  ^*  An  idea  of  the  extreme  small- 
ness  of  the  perturbations  may  be  learned  from  the  fact,  that  if  we  trace  on  a  taWe  six 
feet  in  diameter  an  accurate  ellipse,  to  represent  the  orbit  on  which  the  earth  is  moving 
at  any  instant  about  the  sun,  and  if  we  trace  by  its  side  the  path  actually  described  in 
a  single  revolution  round  the  sun,  the  difference  between  the  original  ellipse  and  the 
curve  actually  described  is  so  excessively  minute,  that  the  nicest  examination  with 
microscopes,  continued  along  the  outlines  of  the  two  curves,  would  hardly  detect  any 
perceptible  interval  between  them." — Hesschsl's  Astronomy,  Yet  it  was  by  the 
elimination  of  the  perturbations  produced  on  TJranus  by  the  known  planets,  and  finding 
a  perturbation  still  unaccounted  for,  which  led  two  astronomers,  without  communication 
with  eadi  other,  to  calculate  the  mass  and  position  of  an  hitherto  unknown  planet,  and 
to  tell  the  practical  astronomer  to  what  -pcnnt  in  the  heavens  to  direct  his  telescope  for 
(he  discovery  of  the  stranger.  By  the  motion  of  many  of  the  double  stars  about  one 
another,  and  their  oibits  having  been  shown  to  agree  with  the  curves  they  would 
describe,  if  they  attracted  one  another,  by  the  law  of  gravitation ;  this  wo  iderful  law  has 
been  extended  from  the  solar  system  to  the  remotest  parts  of  the  univeii  e. 

As  every  partiele  of  matter  attracts  every  other,  it  follows  that  all  masses  on  the 
earth's  sur&ce  must  attract  one  another;  but  the  earth's  attraction  is  so  great,  on    I 
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account  of  its  larger  comparative  mass,  that  this  attraction  is  not  ordinarily  perceptible. 
It  has  been  shown  to  exist,  however,  hj  the  experiment  of  Mr.  Cavendish.  Small 
leaden  balls  were  supported  on  the  ends  of  a  rod,  which  was  suspended  at  the  middle  by 
a  slender  wire,  and  when  large  leaden  balls  were  brought  near  to  them,  it  was  found 
that  the  wire  was  immediately  twisted  by  the  motion  of  the  balls.  By  observations  on 
stars,  from  stations  near  the  mountain  Schehallien,  in  Scotland,  it  was  proved  that  the 
mountain  produced  a  sensible  effect  in  drawing  the  plumb-line  out  of  the  vertical. 

Weight — ^Is  Ihe  effect  which  the  earth's  attraction  produces  on  bodies ;  and  it  is  a 
curious  fact  that,  on  account  of  the  earth's  form  not  being  perfectly  spherical,  the 
weight  of  a  body  is  not  the  same  at  the  equator  and  the  pole.  Thus,  a  body  weighing 
194  pounds  at  the  equator,  will  weigh  195  at  the  pole,  the  rate  of  increase  from  the 
equator  to  the  pole  taking  place  according  to  a  geometrical  law,  depending  on  the 
latitude.  This  increase  of  weight  cannot  be  determined  either  by  a  balance  or  steelyard, 
as  the  weight  which  is  used  for  a  measure  is  affected  proportionally  with  the  body  to  be 
weighed.  It  may  be  determined  by  observing  the  length  to  which  a  body  may  stretch  a 
spiral  spring  at  the  equator,  and  the  length  to  which  the  same  body  will  stretch  the 
same  spring  in  another  latitude.  Practically,  however,  the  difference  in  the  force  of 
gravitation  is  observed  by  means  of  pendulums;  the  length  of  a  pendulum  vibrating 
seconds  is  greater  in  a  high  latitude  than  in  a  lower  one ;  and  as  the  application  of  the 
pendulum  to  a  clock  affords  us  a  ready  means  of  multiplying  its  variations,  we  are 
enabled  to  distmguish  by  this  means  a  variation  in  length,  which  otherwise  would  be 
inappreciable.  Prom  experiments  made  by  Newton  with  hollow  pendulums,  filled 
with  different  kinds  of  substances,  such  as  gold,  silver,  lead,  glass,  sand,  common  salt, 
and  wood,  he  found  that  the  attraction  of  the  earth  is  the  same  for  all  substances. 
Thus  we  see  that  under  an  exhausted  receiver,  the  feather  and  the  guinea  fall  at  the 
same  instant  from  the  top  to  the  bottom — and  that  consequently  a  cubic  inch  of  iron 
weighs  more  than  a  cubic  inch  of  wood;  not  because  the  earth's  attraction  is  greater 
for  iron  than  wood,  but  because  the  cubic  inch  of  iron  contains  more  gravitating  par- 
ticles than  the  cubic  inch  of  wood. 

Mass. — ^The  mass  of  a  body  is  the  quantity  of  matter  which  it  contains. 

Benaity. — ^The  term  density  is  used  to  indicate  the  quantity  of  matter  contained  in 
a  given  volume  of  a  mass. 

Two  bodies  are  equal  in  mass  if  they  are  of  the  same  weight,  however  different  may 
be  their  volumes ;  but  they  are  equal  in  density  only  if  the  equal  volumes  of  the  two 
bodies  have  the  same  weight.  A  cubic  inch  of  one  substance  is  said  to  be  of  twice  the 
density  of  another,  if  the  cubic  inch  of  the  denser  body  weigh  twice  as  much  as  the 
cubic  inch  of  the  other. 

Specific  GhntTity. — ^The  weight  of  a  given  volume  of  different  substances,  com- 
pared with  the  same  volume  of  some  standard  substance,  is  called  the  specific  gravity  of 
these  substances ;  the  general  standard  is  distilled  water,  at  the  ordinary  temperature  of 
the  air.  This  is  chosen  for  convenience,  as  the  easiest  material  which  can  be  readily 
procured  in  a  state  of  purity.  Beckoning  the  specific  gravity  of  distilled  water  as  1*000, 
the  specific  gravity  of  platina  is  21-470;  gold,  19-260;  copper,  8900;  lead,  11-36; 
cast-iron,  7*248;  marble,  2*716;  Portland  stone,  2*496;  beechwood,  -862;  cork,  *240  ; 
mahogany,  1*063;  oak,  1*170. 

Since  a  cubic  foot  of  water  weighs  nearly  1000  ounces  avoirdupois,  a  cubic  foot  of 
platina  will  weigh  about  21470 ;  gold,  19250 ;  iron,  7248 ;  marble,  2716 ;  cork,  240  ; 
and  oak,  1170  ounces. 
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There  are  various  methods  of  finding  the  specific  grayity  of  bodies,  according  as 
they  are  solid  or  fluid,  or  soluble  or  insoluble,  in  water.  If  we  covld  shape  a  solid 
body  accurately  into  a  cubic  inch,  we  should  have  no  difficidty  in  finding  its  specific 
gravity,  by  comparing  its  weight  with  a  cubic  inch  of  water.  This  ia  not  at  all  times 
conyenient;  we  may  therefore  adopt  any  of  the  foUowing  methods,  as  it  is  a 
known  fact  in  hydrostatics  that  any  body  which  sinks  in  a  fluid  will  just  displace 
a  volume  of  water  equal  to  its  bulk.  If  we  weigh  the  body  first  in  air,  and  then  in 
water,  the  difference  of  its  weight  in  air  and  its  weight  in  water  will  be  the  weight  of 
a  volume  of  water  equal  in  bulk  to  the  body  weighed.  Considering  the  specific  gravity 
of  water  as  an  unit,  the  specific  gravity  of  another  substance  wiU  be  its  weight,  divided 
by  the  weight  of  an  equal  volume  of  water.  The  specific  gravity  of  a  substance, 
therefore,  will  be  its  weight  in  air,  divided  by  the  difference  of  its  weight  in  air  and  in 
water.  When  the  substance  whose  specific  gravity  is  to  be  determined  is  in  small 
fragments,  it  may  first  be  weighed  in  air,  and  the  weight  of  the  mass  of  water  it 
displaces  may  be  determined  by  observing  the  weight  of  water  the  fragments  displace 
when  they  are  placed  in  a  cup  of  water,  previously  filled  carefully  to  the  brim.  There 
are  various  other  methods  of  finding  specific  gravity,  and  also  for  ensuring  accuracy ; 
but  these  must  be  left  to  be  described  in  their  proper  place  as  a  branch  of  hydrostatics. 

GaiuM  off  ChAwity.— Gravesande,  in  his  introduction  to  **  Newton's  Philosophy," 
contends  that  the  cause  of  gravity  is  utterly  unknown ;  and  that  we  are  to  consider  it 
in  no  other  way  than  as  a  law  of  nature,  originally  and  immediately  impressed  by  the 
Creator,  without  any  dependence  on  any  second  law  or  cause  at  all.  Newton  did  not 
profess  to  give  any  positive  explanation  of  the  force  of  gravity ;  but  in  his  Optics  he 
throws  out  the  following  query,  as  he  was  not  sufficientiy  satidled  with  his  ezperimentb 
to  hazard  anything  positive  on  the  subject.     He  says : — 

^'Is  not  this  medium  (ether)  much  rarer  wit^  the  dense  bodies  of  the  sun,  stars, 
planets,  and  comets,  than  in  the  empty  celestial  spaces  between  them  ?  ijid  in  passing 
from  them  to  greater  distances,  doth  it  not  grow  denser  and  denser  perpetually,  and 
thereby  cause  the  gravity  of  those  great  bodies  towards  one  another,  and  of  their 
parts  towards  the  bodies ;  every  body  endeavouring  to  recede  from  the  denser  parts 
of  the  medium  towards  the  rarer  ? 

"  For  if  this  medium  be  supposed  rarer  within  the  sun's  body  than  at  its  surface, 
and  rarer  there  tiian  at  the  hundredth  part  of  an  inch  from  his  body,  and  rarer  there 
than  at  the  fifti.eth  part  of  an  inch  fr:om  his  body,  and  rarer  there  than  at  the  orb  of 
Saturn ;  I  see  no  reason  why  the  increase  of  density  should  stop  anywhere,  and  not 
rather  be  continued  through  all  distances,  from  the  sun  to  Saturn,  and  beyond.  And 
Uiough  this  increase  of  density  may,  at  great  distances,  be  exceeding  slow,  yet,  if  the 
alastic  force  of  this  medium  be  exceeding  great,  it  may  suffice  to  impel  bodies  from  the 
denser  parts  of  the  medium  towards  the  rarer  with  all  that  power  which  we  cell 
gravity.  And  that  the  elastic  force  of  this  medium  is  exceeding  great,  may  be  gathered 
from  tiie  swiftness  of  its  vibrations.  Sounds  move  about  1140  English  feet  in  a  second 
of  time,  and  in  seven  or  eight  minutes  of  t^  they  move  about  100  English  miles, 
light  moves  firom  the  sun  to  us  in  about  seven  or  eight  minutes  of  time,  which  distance 
is  about  70,000,000  English  miles,  supposing  the  horizontal  parallax  of  the  sun  to  be 
about  twelve  seconds,  and  the  vibrations,  or  pulses  of  this  medium,  that  they  may  cause 
the  alternate  fits  of  easy  transmission  and  easy  reflexion,  must  be  swifter  than  light, 
and,  by  consequence,  above  700,000  times  swifter  than  sounds;  and  therefore  the 
elastic  force  of  this  medium,  in  proportion  to  its  density,  must  be  above  700,000  multi- 
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pHed  by  700,000  (that  is,  above  490,000,000,000)  tiiaes  greater  than  the  elastic 
foree  of  the  air  is  in  proportioix  to  its  density ;  for  the  Telodties  of  the  pukes  of  eldBiio 
mtedmnis  are  in  a  subduplicote  iratio  of  the  elasticilaes  and  the  :raritie8  of  the  medraems 
taken  together, 

'*  As  magnetism  is  stronger  in  small  load«teneB  ^an  in  great  oiies,  in  proportiofi  i& 
their  bulk,  and  gravity  is  stronger  on  the  sut^fece  of  small  planch  thflsi  those  of  gveat 
ones,  in  proportion  to  their  balk,  and  small  bodies  are  agitated  isodi  more  by  d.ectrie 
attraction  than  great  ones ;  so  Ihe  smalhiess  of  t^  rays  of  Hght  nwy  contribtite  r&ty 
mnch  to  the  po-wer  of  the  agent  by  wMch  they  are  re&acted ;  and  if  any  one  i^tdd 
suppose  that  ether  (like  onr  air)  may  contain  particletf  wMeh  endeayoar  to  recede  from 
one  anether  (for  I  do  not  know  what  that  ether  is),  and  that  its  p«artieles  are  exceed- 
ingly smaller  than  i&ose  of  air,  or  even  than  those  of  light,  liie  exceeding  smallnes($  of 
snch  particles  may  contribute  to  the  greatness  of  the  force  by  wMch  they  recede  from 
one  another,  and  thereby  make  that  medium  exceedingly  more  rare  and  elastic  than 
air,  and,  of  consequence,  exceedingly  less  able  to  resist  the  motions  of  projee^es,  and 
exceedingly  more  able  to  press  upon  gross  bodies,  by  endeavouring  to  expand  itself."— 
Nbwtok's  Optics. 

l&Mrtlatf-^Havnig  spoken  of  a  property  or  law  coeamon  to  aU  matter — giuvity — ^by 
which  every  particle  of  matter  attracts  eveiy  oiber  particle,  according  to  a  certain 
mathematical  law,  we  come  now  to  another  property  of  matter  to  which  the  name  of 
Inertia  is  given.  The  law  of  inertia  is  thi*— that  a  particle  of  matter,  if  it  be  at  rest, 
possesses  no  power  within  itself  by  which  it  can  put  itself  in  motion,  and  can  only  be 
made  to  move  by  some  power  external  to  itself ;  as,  for  instance,  the  action  of  another 
particle  of  matter  upon  it ;  or,  if  it  be  in  motion,  the  particle  possesses  no  property  by 
which  it  can  alter  its  motion,  either  in  direction  or  magnitude.  What  has  been  said  of 
a  particle  is  also  true  of  a  body  composed  of  any  ntunber  of  pafticles ;  if  the  mutual 
attractions  and  forces  which  these  particles  exert  on  each  other  be  such  that  the  body  is 
reduced  to  a  state  of  rest  or  equilibrium,  it  cannot  put  itself  in  motion,  or  change  its 
motion  if  moved.  The  inertia  of  a  body  is  its  inability  to  produce  any  action  on  itself, 
so  as  either  to  cause  its  motion,  if  at  rest,  or  to  alter  it,  if  in  motion. 

Vis  Inertia. — ^Whether  inertia  is  to  be  regarded  as  an  active  force  in  matter  by 
wh2(^  it  resists  modon,  or  only  as  we  have  jtifit  described  it,  the  abseiiice  of  any  power 
in  a  particle  of  matter  to  act  upon  itself  is  a  matter  of  dispute  among  i^ysieal  philoso- 
phers ;  some  contending  warmly  that  it  is  not  a  force,  and  that  the  term  force  applied 
to  it  can  only  mislead,  while  others  maintain  that  it  is  a  foree  or  property  of  matter 
qtiite  as  tnily  as  gravitation.  According  to  the  latter  vi«?w,  w©  may  define  the  vis 
inertia,  or  force  of  inertia,  to  be  a  force  or  propeafty  of  matter  by  whidi  it  resists  the 
application  of  a  force, — ^not  by  refusing  to  move,  bat  requiring  a  greater  foree  to  produce 
in  it  a  given  degree  of  motion  in  proportioai  to  tke  ma«g  of  lixe  body  moved.  It  is  true 
thai  we  experience  an  e:ffort  in  moving  any  mase^-'Some  masses  res&st  our  attempte  to 
move  them  altogether,  but  then  we  can  trace  a  great  port  of  this  resistance  to  lute  action* 
of  friction,  or  some  other  cause  external  to  the  mass  we  attempt  to  move ;  and,  by 
removing  ti^se  causes,  we  can  move  with  ea£»  huige  masses  whieh  would  o&erwise 
resist  the  greatest  force  we  could  exert  Thaf  1^  sBghtest  e^rt  may  cause  those 
Uerge  rodks,  whdeh  ftre  eioioiialy  pois^  either  natmSfy  (at  artifieikEy,  known  by  the 
name  of  rocMng-stones,  to  vibrate  baekwands  and  forwrnb }  acbd  w«  may  «ap$o«6  tbftt 
byrenxovh^;  all  causes  of  resistance^  &»  body  its^  wt^old  (ypp)96eaj»fts«e  of  inevtia  «» 
any  fltolSos  we  could  impress  on  it;  yety  If  w«  mmmt»  ike  metkn  ifie  {he  body  by  tte 
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vdoczty  produced  by  %  gir&a.  fane,  we  should  find  it  to  depend  on  the  mass  of  the 
body,  and  Hkst  there  u,  ts  Dr.  WheveU  8ay%  **  in  erezy  case  a  resistance  to  motion, 
whi(^  sboirs  itself,  not  in  pnrentiag  the  motion,  but  in  a  reciprocal  force,  exerted 
backwards  upofn  the  agent  by  which  the  moCioii  is  produced.  And  this  resistance 
resides  in  each  portion  of  matter,  for  it  is  increased  as  we  add  one  portion  of  matter  to 
another," 

The  property  of  msttur,  which  we  have  described  by  the  term  inertia,  is  the  cause  of 
the  first  law  of  motion,  while  the  tis  insrlia  is  the  canse  of  the  third  law  of  motion.— 
See  Fri^imimuy  Treatitf. 

TwmfKtf^-^lf  a  body  be  not  perfectly  solid— that  is,  if  the  particles  composing  it 
be  80  tmifedt(^6tiier  as  to  leare  spaeee  between  thera  not  filled  with  mattei^-^e  body  is 
said  to  be  porons.  Thus,  if  we  suppose  a  body  to  be  built  up  of  rectangular  solid 
bricks,  perfectly  glued  together,  so  as  to  leave  no  racuities,  we  should  say  it  was  not 
porous*,  while  a  body  composed  of  a  number  of  spherical  balls,  fastened  together  only  at 
their  points  of  eontact  with  each  other,  would  be  porous ;  sponge,  charcoal,  or  loaf- 
sugar  sffittd  good  examples  of  this  property.  We  say,  in  general,  that  a  stone  is 
porous^  void  not  compact,  when  it  readily  absorbs  water,  or  would  allow  water  to  pass 
throng  it,  and  in  this  sense  we  should  say  that  a  glass  yessel  is  not  porous.  It  is 
reasoned,  liowever,  fiom  certain  fiMis^  that  all  bodies  are  more  or  less  porous;  the 
densest  and  most  coni^iact  bodies,  such  aa  gold  and  platina,  being  really  porous,  though 
their  pores  may  be  so  minute,  or  the  forces  of  repulsion  which  their  particles  exercise 
may  be  so  gfeat,  as  to  preyent  any  known  ponderable  matter  £rom  filling  the  yacuitics 
In  the  substainee.  Ifith  regard  to  bodies  which  are  to  a  certain  extent  porous,  we  fiiid 
they  win  soimefimes  saflBsr  one  fluid  to  pass  through  their  pores,  while  they  will  retain 
another ;  thus  a  cask  which  will  hold  water  may  suffer  oil  to  ooze  out. 

The  liorce  of  gravity  acts  through  the  densest  substances,  of  the  greatest  thickness, 
without  any  perceptible  diminution  of  its  power,  and  hence  we  conclude  that  it  can 
permeate  errerj  substance,  without  meeting  with  any  resistance.  Light  passes  through 
many  substances  of  considerable  density.  Heat  and  electricity  do  the  same,  but  they  do 
not  travel  thorough  aU  known  substances,  as  Uie  force  of  gravity  docs ;  nor  do  the 
same  bodies,  which  may  conduct  heat  or  electricity,  suffer  light  to  penetrate  their  sub- 
stance with,  the  same  ease. 

From  the  fact  that  the  densest  of  bodies,  such  as  gold  or  platina,  and  all  other 
metals,  exipond  when  heated  and  eoBtract  when  coded,  and  that  this  contraction  seems 
to  be  in  proportioa  to  the  inteDitty  of  the  cold  produced,  we  might  infer  thatif  we 
had  an  Tmilimited  power  of  increasiag  the  intensity  of  cold,  we  might  contract  any  of 
these  metals  into  a  pfoportionably  smbU  a^aoe.  By  hammoing  or  pressure,  metals  may 
alsoy  to  a  eertain  degree,  be  eom^rcssed  in  bulk.  Now,  this  contraction  or  compression 
coald  not  itke  place  if  bodies  be  composed  of  hard,  unaherahle,  and  incompressible 
atoms,  S0  Newton  Mip^oses  them  to  be,  unless  we  suppose  these  atoms  merely  to  touch 
one  anofiier  at  seme  few  points^  leaving  spaces  between  them  unoccupied  with  matter. 
This  porottity  of  matter  ia  not  like  "flie  poawoanesa  of  charcoal  and  stone,  which  we  have 
ahfea^  eonaidefed— »  property  which  has  been  proved  experimentally,  and  of  which  we 
can  dbteon  a  sensible  demoDstr«lian,-^ut  is  a  hypothetical  property  depending  upon 
oar  ItffMMM  dt  Uke  coutitalioa  ef  matter  by  the  vnoa  of  hard  and  iodestruotible 
stnnaDfc  It  mttf  be  miA,  howevn,  that  the  eelsbcvted  experiment  of  the  florentine 
who  filled  a  holk^  apbefe  of  geld  with  water,  and  then  ftnoibly  pressed 
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stnted  tbat  gold  really  iru  ponrafly  and  that  its  pottea  wen  larger  tihan  iSbe  partidm  of 
water.  Tet  periiapa  tibis  experiment  adnnts  of  another  explanation.  Acearding  to  the 
thcorj  of  Boscorich,  which  we  haTe  pievloudy  expSained,  gold  and  the  other 
metab,  as  well  ercn  as  water  and  many  other  substances,  may  be  regazded  as  destitute 

of  porositr. 

Some  curious  speculations  hare  been  entered  into,  with  regard  to  the  hypothetical 
p'jrosity  of  bodies,  which  we  hare  been  considering.  Newton's  views  on  this  subject 
hare  been  well  popularised  by  his  friend  Pembertan,  in  his  "'  Tiew  of  Sir  I.  Kewton's 
Philosophy/'  Speaking  of  the  great  porosity  of  bodies  necessarily  required,  on  the 
supposition  that  li^^  consists  of  material  partides,  he  saya  that  Newton  has  demon- 
strated, **  how  any  the  least  portion  of  matter  may  be  wrought  into  a  body  of  any 
assigned  dimensions,  how  great  soever,  and  yet  the  pores  of  that  body,  none  of  them 
greater  than  any  the  smallest  magnitude  proposed  at  pleasure ;  notwithstanding  which, 
the  parts  of  the  body  shall  so  touch,  that  the  body  itself  shall  be  hard  and  solid.  The 
manner  is  this : — Suppose  the  body  to  be  compounded  of  particles  of  such  figures  that 
when  laid  together,  the  pores  found  between  ihem  may  be  equal  in  bigness  to  the  par- 
ticles. How  this  may  be  effected,  and  yet  the  body  be  hard  and  solid,  is  not  difficult  to 
understand ;  and  the  pores  of  such  a  body  may  be  made  of  any  proposed  degree  of 
smallness.  But  the  solid  matter  of  a  body  so  framed  will  take  up  only  half  the  space, 
occupied  by  the  body ;  and  if  each  constituent  particle  be  composed  of  other  less  par- 
ticles, according  to  the  same  rule,  the  solid  parts  of  such  a  body  will  be  but  a  fourth, 
part  of  its  bulk.  If  every  one  of  these  lesser  particles  again  be  compounded  in  the 
same  manner,  the  solid  parts  of  the  whole  body  shall  be  but  one-eighth  of  its  bulk ;  and 
thus,  by  continuing  the  composition,  the  solid  parts  of  the  body  may  be  made  to  bear 
as  small  a  proportion  to  the  whole  magnitude  of  the  body  as  shall  be  desired,  notwith- 
standing the  body  will  be,  by  the  contiguity  of  its  ports,  capable  of  being  in  any  degree 
hard ;  which  shows  that  this  whole  globe  of  earth,  nay,  «11  the  known  bodies  in  the 
universe  together,  as  far  as  we  know,  may  be  compounded  of  no  greater  a  portion  ox 
solid  matter  than  might  be  reduced  into  a  globe  of  one  inch  only  in  diameter,  or  even 
less.  We  see  therefore  how  by  this  means  bodies  may  easily  be  made  rare  enough  to 
transmit  light  with  all  that  freedom  pellucid  bodies  are  found  to  do,  though  what  is  the 
real  structure  of  bodies  we  yet  know  not" 

Xmpenetntbllity. — ^Impenetrability  is  that  property  of  matter  which  prevents 
two  bodies  frY)m  occupying  the  same  space  at  the  same  time.  This  is  generally  said  to 
be  a  property  conmion  to  all  matter ;  but  it  is  clear,  from  what  we  have  said  on  porosity, 
that  this  property  can  only  apply,  in  this  sense,  to  the  ultimate  particles,  or  indivisible 
atoms  of  matter ;  for  clearly  a  mass  of  gold  is  penetrable  on  the  atomic  hypothesis  by 
matter  whose  atoms  are  small  enough  to  enter  its  pores,  though  the  atom  of  the  gold 
itself  may  be  impenetrable.  This  impenetrability,  therefore,  of  matter  like  the  porosity, 
considered  as  a  general  property,  mitst  be  hypothetical.  There  are  instances,  however, 
of  what  is  called  the  impenetrability  of  matter,  which  are  worthy  of  careful  considera- 
tion, as  making  us  acquainted  with  other  properties  of  matter ;  such  experiments  as 
these  are  generally  adduced  as  proving  the  impenetrability  of  matter.  If  a  tumbler  be 
placed  with  its  mouth  downwards,  and  plunged  into  water  or  mercury,  neither  the  water 
nor  the  mercury  can  rise  within  the  tumbler,  being  prevented  by  -#hat  is  called  the 
impenetrability  of  the  air.  The  same  thing  would  occur  if  our  tumbler  were  fiUed  with 
steam ;  but,  if  the  steam  were  condensed  into  water,  or  the  air  in  the  tumbler  withdrawn, 
the  water  or  mercury  woidd  rush  in,  and  occupy  the  space  contained  within  the  tumbler. 
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If  a  mass  of  gold  or  platixia  be  immened  in  a  fluid,  the  fluid  will  occupy  no  part  of  the 
gold  or  platina ;  but  a  Tolume  of  fluid,  equal  in  Tolume  to  the  gold  or  platina,  will 
be  displaced  by  then. ,  and  this  is  taken  as  a  proof  of  the  impenetrability  of  the  gold  or 
platina.  On  Hie  Newtonian  hypothesis  of  the  density  of  a  body  being  proportional  to 
its  mass,  and  depending  on  the  number  of  grayitating  atoms  in  a  given  yolume,  ^'platina 
contains,"  says  Dr.  Young,  "  in  a  cubic  inch,  above  two-hundred-thousand  times  as 
many  gravitating  atoms  as  pure  hydrogen  gas,  yet  both  of  these  mediums  are  free  from 
sensible  interstices,  and  appear  to  be  equally  continuous ;  and  there  may  jMMsibly  be 
other  substances  in  nature  that  contain,  in  a  given  space,  two-hundred-thousand  times 
as  many  atoms  as  platina,  although  this  supposition  is  not  positively  probable  in  all  its 
extent ;  for  the  earth  is  the  densest  of  any  of  the  celestial  bodies  with  which  we  [are 
folly  acquainted,  and  the  earth  is  only  one-fourth  as  dense  as  if  it  were  composed 
^entirely  of  platina ;  so  that  we  have  no  reason  to  believe  that  there  exists  in  the  solar 
system  any  considerable  quantity  of  a  substance  even  so  dense  as  platina."  The  masses 
of  both  the  platina  and  hydrogen  are  porous ;  but  the  partidcs  or  atoms  of  the  hydrogen 
must  be  at  a  much  greater  distance  apart  from  one  another.  The  impenetrability  of 
their  masses  must  clearly  then  be  due  to  some  repulsive  force  exercised  in  the  vacant 
space  between  one  atom  of  matter  and  another,  which  prevents  any  other  atom  of  matter 
from  occupying  that  space,  and  hence  wo  may  have  an  impenetrability  existing  even 
where  no  matter  occupies  the  impenetrable  space.  But  all  this,  excepting  the  fad  that 
one  body,  whether  porous  or  not,  may  prevent  another  from  occupying  the  same  space 
which  it  does  itself,  is  hypothetical. 

When  spirits  of  wine  is  mixed  with  water  a  contraction  in  bulk  takes  place.  Thus, 
if  a  glass  tube,  closed  at  one  end,  be  divided  into  a  hundred  parts,  and  half  filled  with 
water,  and  tlie  upper  half  then  filled  with  coloured  spirit,  the  spirit  will  float  on  the 
water  without  mixing ;  if  a  cork  be  then  placed  in  the  open  end  of  the  tube,  and  the 
tube  be  shaken  so  as  to  insure  the  mixture  of  the  liquids,  they  will  contract,  and  leave 
about  four  of  the  hundreth  parts  of  the  tube  empty.  In  this  case,  the  result  of  the 
ndxture  alters  the  repulsive  force  of  the  fluids  in  such  a  manner  that,  though  each 
of  the  fluids  separately  could  have  been  compressed  so  as  to  lose  the  hundredth 
of  its  bulk  only  with  great  difficulty,  and  by  the  exercise  of  a  great  pressure,  yet 
the  repulsive  force,  by  which  the  atoms  resist  this  pressure,  is  so  diminished  in  the  mix- 
ture, ib&t  its  bulk  is  contracted  into  a  smaller  space  than  it  occupied 'before  the  union  of 
the  fluids. 

Indestmetibility. — ^We  can  alter  the  combinations  and  form  of  matter,  but  we 
can  in  no  way  destroy  it ;  and  though  we  may  avail  ourselves  of  its  properties,  in  order 
to  obtaia  an  enormous  force  to  do  our  bidding,  and  so  make  ourselves  independent  of 
wind  and  tide,  and  even  anticipate  the  flight  of  time,  we  can  create  no  new  property. 
^^  One  of  the  most  obvious  cases,*'  says  Sir  J.  Herschell,  '^  of  apparent  destruction  is, 
when  anything  is  ground  to  dust  and  scattered  to  the  winds.  But  it  is  one  thing  to 
grind  a  fabric  to  powder,  and  another  to  annihilate  its  materials :  scattered  as  they  may 
be,  they  must  fall  somewhere,  and  continue,  if  only  as  ingredients  of  the  soil,  to  i)erform 
their  humble  but  useful  part  in  the  economy  of  nature.  The  destruction  produced  by 
fire  is  more  striking.  In  many  cases,  as  in  the  burning  of  a  piece  of  charcoal  or  a  taper, 
there  is  no  smoke — ^nothing  visibly  dissipated  and  carried  away ;  the  burning  body 
wastes  and  disappears,  while  nothing  seems  to  be  produced  but  warmth  and  light,  which 
we  are  not  in  the  habit  of  considering  as  substances;  and  when  all  has  disappeared, 
except  perhaps  some  trifling  ashes,  we  naturally  enough  suppose  it  is  gone,  lost, 
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destroyed.  But  whsu  the  question  is  exmuiked  moise  exactly,  we  detect,  in  Uw  ijxmibh 
atoeam  of  heated  air  -wliidi  asoends  &om.  the  glowing  ooal  or  .iawing  wax,  the  wiiole 
ponderable  matter,  only  muted  in  a  new  combination  wit^  the  air,  and  disaolped  in  it 
Teft,  so  far  £rom  being  thweby  destroyed,  it  is  only  beoome  again  what  it  was  b^ore 
it  existed  in  ii»  form  of  charcoal  or  wax,— an  aetLye  agent  in  tbe  business  of  the  world, 
and  a  main  supfort  <rf  yegetable  and  animal  life,  and  is  stiU  snsceptible  of  running 
agam  and  again  tke  same  round,  as  drcnmstanoes  may  deteimina ;  so  tibisi,  for  augbt 
wie  cm.  see  to  the  oonlzairy,  the  same  identical  atom  may  lie  concealed  for  thousands  of 
eeBfeiiiies  in  a  Umfistone  roek ;  may  at  length  be  qiiiamed,  pet  firee  in  the  IwffikiluB,  mix 
wilii  tite  air,  be  absorbed  &om  it  by  plants,  a«d  in  suoeesedon  become  a  part  of  tb£ 
&ames  of  myriads  of  Idtang  beings,  till  some  concurr^iee  of  eyents  consign  it  onae  more  to 
a  long  repose,  whidi  howeyer  no  way  unfits  it  &om  again  resuming  its  former  «ctiyity." 

Kolecnlaz  Fproeg^  Beside  ^e  f<»ee  of  graritation,  which  acts  at  enonnoiis 
distances  £*om  tiie  particle  of  matter  which  seems  to  exert  the  £>ree  of  attraction,  there 
ace  many  ofOier  forces,  both  attraetiye  and  repulsiye,  which  seem  goLj  to  omm  into 
operation  when  particles  of  matt^  are  hrou^t  into  dose  approximation  with  one 
anotia^r.  These  forces  are  said  to  aet  at  insensible  distances,  whila  gmyity  acts  at  sensible 
distances,  a  phrase  whidi  only  means  Ihat  these  unknown  forces  aet  at  distances  so  small 
firom  the  particles  which  produce  them,  that  in  general  we  haye  no  meaoA  of  measuring 
the  distanoes.  To  these  the  name  of  molecular  forces  has  been  allied.  The  attraction 
and  r^uleion  Ihat  similar  or  difierent  molecules  or  particles  of  matter  exerciae  on  one 
another,  which  giye  rise  to  the  solid  and  fluid  states  of  bodies,  detormine  their  hardness 
or  softness,  rou^bness  or  brittleness,  malleabilily,  t^acity,  expansibility,  ^batieity,  &c. ; 
and  the  wide  range  of  phenomena,  classed  under  the  head  of  chemical  affinity,  are 
attributed  to  the  action  of  molecular  forces. 

CtebMdoni — The  term  Cohesion  is  ap^ed  to  those  molecular  forces  of  attraction 
which  hold  t(^ther  the  particles  of  a  body  so  as  to  f<wm  a  mass.  When  this  force  is 
strong  enough  to  resist  the  force  of  grayitation,  the  body  is  a  solid ;  when  it  is  so  weak  as 
not  to  resist  the  force  of  grayitation,  except  in  yery  small  masses,  but  is  strong  enou^ 
to  retain  the  particles  of  the  body  within  a  certain  sensible  distance  of  one  another,  we 
haye  a  liquid  body ;  but  when  it  is  so  weak  as  not  to  retain  the  particles  within  a 
sensible  distance  of  one  another,  we  haye  a  yi^our  or  gas.  The  change  in  the  force  of 
eohesion  from  the  soUd  to  the  fluid  state  is  so  gradual,  that  in  some  bodies  we  find  a 
difficulty  whether  to  consider  them  solid  or  imperfectly  fluid ;  and  here  it  may  not  be 
amiss  to  state,  that,  according  to  the  sizict  mathematical  definition,  we  are  not  acquainted 
with  any  perfectly  rigid  soM  body,  or  any  perfect  fluid.  The  force  of  cohesion  is 
manifested  more  strongly  by  some  bodies  than  othejs.  A  piece  of  India  rubber,  cut 
smoothly  and  cleanly,  and  the  cut  sur&ces  plaeed  in  contact  with  one  another,  will  be  so 
firmly  united  by  this  fbree,  that  the  united  portion  will  adh»»  as  closely  together  as  any 
uncut  portion  of  the  mass.  Plates  of  glass,  which  haye  been  smoothly  polished  and  laid 
on  one  another,  haye  become  so  firmly  united,  that  it  has  been  impossible  to  separate 
them  without  breaking.  The  united  portions  haye  been  cut,  and  the  edges  polished  just 
as  if  the  pieces  had  been  fused  together. 

That  in  fluids,  when  their  masses  are  small,  the  oohesiye  force  is  strong  enough  to 
oyercome  the  f(»:ce  of  grayity,  is  manifested  by  the  spherical  shape  of  their  drops — ^by  the 
minute  globules  into  which  mercury  may  be  diyided.  The  force  of  cdbeson  is  not  con- 
finedto  partieles  of  the  same  substance.  Different  substances  exercise  this  power  on  one 
another ;  sometimes  eyen  more  readily  than  substances  of  the  same  kind.   Soldering  is  an 
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in  wMcn  we  9Ywl  ourselves  of  thu  propert j,  m  ord«r  to  imite  mi^taJii  with  omo 
vnOikeT.  Tinning  metak  k  nko  aa  appHcatum  of  thii»  property.  In  titdsr  to  e^Vot  this 
kind  of  imioB  we  are  aometimm  oUigad  to  uae  aa  acid  or  a  flux,  far  Ab  pvpoie  of 
cksda^theaorfsuM  of  ^metaltobeioIdeiMor  tiniMd.  Heat  has  tho  poww,  m  nofft 
Bubstances,  of  considerably  modifying  this  &iDe,  aad  aooMtiiiiaa  appaientl j  daatrojing 
it  M  c«rtam  topqperatiiziet  m>n  and  platma  poasaBi  the  propertj  of  woUing—that  is, 
\ff  pressiire  or  baTTHBoring,  tiwir  surf  aces  waj  be  brought  so  nitfaiB  tho  aphore  of  the 
fMKe  of  ookesioB,  as  to  imits  botcbbI  pieces  into  a  body  as  solid  as  if  it  had  been  cast 

OehosioiL  takes  piaco  also  between  solids  and  flnids.  If  a  ciroular  disc  of  metal,  pre- 
WBtmg  a  given  aiee^-^wj  fonr  aqttafe  inches^  for  instance— be  suspended  from  one 
end  of  a  balaiiee,  so  as  to  hare  its  surfkce  perfectly  horizontal,  and  be  accurately  coun- 
terpoised by  wo^hts  in  a  seaio'pen  at  the  other  extremity  of  the  baiance ;  if  a  yessel  of 
witer,  mereary,  or  any  other  fluid  be  placed  under  the  disc  of  metal,  so  as  to  bring  tiie 
Burfaoe  of  the  disc  in  contact  with  the  fluid,  it  will  be  found  that  a  force  of  attraction 
will  be  exercised  by  the  particles  on  the  surface  of  the  diac  on  those  on  the  sor&ce  of  the 
fluid,  which  will  require  a  wei^t  to  he  ]daoed  in  the  scale-pan  to  oyercome  it,  so  as  to 
■spariile  the  flurihces.  ^Hiat  this  foree  is  independent,  in  some  measure,  of  the  pressure  of 
the  atmoBpii»»  on  the  surface  of  the  disc,  is  proved  by  the  fiMit  that  the  weight,  which 
overoomes  the  cohesive  force  exercised  by  the  surfaces,  varies  considerably  when  discs 
of  differ^ai  matals  of  the  same  weight  and  superficial  surfaces  are  used.  The  compa- 
rative force  of  adhesion,  in  this  manner,  of  gold,  silver,  and  iron  for  mercury,  are  as  the 
numhers  2363,  2274,  and  610 ;  but  it  must  be  observed  that  little  reliance  can  be  plaoed 
on  iheae  numbers  as  alEbrding  an  absolute  knowledge  of  the  cohesive  force  of  mercury 
on  theee  metok,  from  the  difficulty  of  eliminating  the  effect  produced  by  the  chemicAl 
action  of  the  mercury  combining  with  the  metals  whose  surfeuses  are  brou^t  in  contact 
with  it,  in  some  maunie,  and  thus  introducing  into  our  results  a  modification  due  to 
the  adhesion  of  the  particles  of  mercury  to  one  another. 

Cayillaxy  AMxactioa.— If  ft  ghtss  tube  be  drawn  so  fine  that  its  internal  hoate 
is  about  eqoid  in  fineness  to  a  hair,  it  is  called  a  capillary  tube,  from  the  Latin  word 
«aptJ/tM,  a  bur.  On  a  tube  of  this  kind  being  partially  immersed  in  a  fluid,  the  fluid  in  the 
bom  of  the  tube  in  most  instances  will  rise  considerably  above  the  sur£BU^  of  the  fluid 
exterior  to  it.  The  height  to  which  I3ie  fluid  rises  is  dependent  on  the  diameter  of  the 
bore  ^  the  tube,  the  heig^  being  greater 
in  proportion  to  the  smallness  of  the  bore 
for  the  same  fluid.  We  have  herea  force 
of  attraction,  exercised  by  the  particles 
of  the  glass  for  the  particles  of  the  fluid, 
sufficient  to  ov^xome  the  force  of  gravity, 
and  to  cause  the  fluid  to  rise  inoppootion 
to  it.  This  phenomenon  is  called  Oapil- 
iary  Attraction.  The  hei^  to  which  a 
fluid  rises  in  a  tube  of  the  same  bore  varies 
for  di&rent  fluids,  and  seems  to  bear  no 
observaWe  ratio  to  the  specific  gravity 
of  the  fluid  employed.  If  the  capillary 
tube  be  partially  immersed  in  mercury, 
an  opposite  effect  is  produced,  the  mercury  in  the  bore  of  the  tube  being  depressed 
below  the  surfSuse  of  the  marcury  snnoundixig  the  tube. 
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When  the  bore  of  the  tube  is  considerable  in  size,  -we  do  not  obsenre  the  rise 
of  the  fluid ;  but  the  surfiice  of  the  fluid  is  raised  from  its  horizontal  level,  where  it 
comes  in  contact  with  the  interior  of  the  tube,  so  as  to  render  the  surface  of  the  fluid 
concave  instead  of  perfectly  level.     This  subject  has  been  profoundly  and  carefully 
investigated  by  the  French  matthematioians. 

When  two  equal  plates  of  glass  are  united  together  along  one  edge,  so  as  to  form 
a  small  angle  with  one  another,  the  attraction  of  the 
particles  of  glass  for  the  fluid  causes  a  fluid,  into  which  the 
plates  are  partially  immersed,  to  rise  in  such  a  manner  as 
to  present  a  curve,  which  has  been  proved  to  be  that  conic 
section  known  by  the  name  of  the  hyperbola.     Capillary 
attraction  is  of  frequent  occurrence  in  nature,  and  of  the 
greatest  use  in  the  arts.    It  is  by  capillary  attraction  that 
^______^____^_^___^  melted  wax,  or  fat,  and  the  oil  rises  in  the  wick  of  the 

f-  ■-=■  --7^-^^^-^-  -^  candle  or  lamp.     By  this  force  the  sponge  possesses  the 
useful  property  of  absorbing  water,  and  the  blotting  paper  that  of  ink. 

Endonnose  and  Bxosmose.— -Some  curious  phenomena,  bearing  some  analogy 
to  the  property  of  capillary  attraction,  have  been  discovered  by  Dutrochet,  which  have 
enabled  physiologists  to  explain  some  facts  which  before  admitted  of  no  explanation. 
If  two  fluids,  capable  of  mixing,  be  separated 
from  one  another  by  a  bladder,  or  some  other 
porous  diaphragm,  two  currents  will  be  set 
up,  one  by  the  passage  of  the  fluid  A  through 
the  diaphragm  D,  to  mix  with  the  other  fluid 
B,  and  the  other  by  the  passage  of  B  to  A. 
One  of  these  currents  is  generally  much 
stronger  than  the  other,  so  that  the  bulk  of 
the  liquid  on  one  side  the  diaphragm  increases,  while  the  other  diminishes.  Dutrochet 
applies  the  term  endosmose  (inward  impulse]  to  the  stronger  current,  exosmose  (outward 
impulse)  to  the  weaker.  For  the  same  fluids  the  endosmose  or  exosmose  depends  upon 
the  nature  of  the  diaphragm.  Endosmose  of  sulphurous  acid  of  1*02  sp.  gr.  takes 
place  to  water  when  bladder  is  the  diaphragm,  but  from  water  to  the  acid  when  the 
diaphragm  is  of  baked  earthenware  not  glazed.  Through  India  rubber,  which,  but  for 
the  discovery  of  these  phenomena,  we  might  have  considered  impervious  to  water  or 
alcohol,  endosmose  proceeds  fit)m  alcohol  to  water,  first  slowly,  but  afterwards  quickly, 
when  the  India  rubber  has  been  acted  on  by  the  alcohol ;  at  the  same  time  the  alcohol 
becomes  more  and  more  dilute  by  the  action  of  an  opposite  stream  of  water.  A  bladder 
tied  over  a  glass  fiUed  with  alcohol,  swells  up  under  water  to  such  an  extent,  that  when 
the  bladder  is  pricked  with  a  needle  the  alcohol  spirts  out  in  a  long  stream.  In  this 
experiment  a  little  alcohol  also  passes  into  the  water.  Alcohol  and  water  exhibit  con- 
trary actions  towards  India  rubber  and  bladder,  because  alcohol  adheres  more  strongly 
to  India  rubber,  water  to  bladder. 

These  curious  phenomena  seem  to  have  no  relation  to  the  filtering  iwwer  of  the 
diaphragm  for  the  fluid  which  passes  through  it.  We  regard  India  rubber  as  the  best 
water-tight  substance  we  can  procure.  A  solution  of  oxalic  acid  passes  through  bladder  to 
water  at  all  degrees  of  concentration  and  temperature, — ^the  more  it  is  concentrated  the 
fiEUster  it  travels;  on  the  contrary,  it  filters  through  the  bladder  much  more  slowly  than 
water  (the  slowness  increasing  with  the  concentration),  if  the  lower  snr&ce  of  the 
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bladder  be  placed  in  contact  with  a  solution  of  the  eame  strength  as  that  whose  rate  of 
filtration  is  to  bo  determined. 

IMfhuiion  of  Oases. — ^Another  phenomenon  produced  bj  molecular  attraction  of 
the  particles  of  matter  for  one  another  is  that  bj  which  a  heavy  gas,  whose  surfSaoe  is 
iu  contact  with  a  lighter  one,  diffuses  itself  through  the  lighter  gas  in  opposition  to  the 
gny'jty  of  its  particles.  This  seems  to  depend  upon  some  power  of  attraction  which 
the  particles  of  the  gas  seem  to  have  for  particles  or  atoms  of  gas  different  from  them- 
selves. Thus  carbonic  acid  gas,  a  very  heavy  gas,  diffuses  itself  through  hydrogen,  by 
the  attraction  which  the  molecules  of  hydrogen  exercise  on  llioee  of  carbonic  acid. 
This  is  a  wonderful  provision  of  nature ;  for  were  it  not  for  the  difiiisibility  of  gases  we 
should  often  be  poisoned  by  an  accumulation  of  carbonic  acid  gas  on  the  surface  of  the 
globe  or  in  our  dwellings,  just  as  dogs  are  poisoned  in  the  Giotto  del  Cano,  where  the 
carbonic  acid  gas  escapes  more  rapidly  from  the  crevices  of  the  rock  than  it  is  diffiised 
through  the  air. 

Catalysis. — ^This  name,  which  simply  means  dissolving  or  decomposing,  has  been 
applied  by  Berzelius  to  some  very  obscure  phenomena  in  chemistry,  by  which  a  body 
seems  to  exercise  a  force,  termed  by  him  the  catalytic  force,  by  which  it  decomposes  or 
causes  the  combination  of  substances  which  come  in  contact  with  it  without  suffering 
alteration  itself.  It  has  been  supposed  that  some  instances  of  catalytic  action  may  be 
referred  to  molecular  attraction.  Thus  a  piece  of  very  dean  platina,  carefoUy  cleansed 
by  immersion  in  acid,  and  plunged  into  an  explosive  mixture  of  oxygen  and  hydrogen, 
causes  the  gases  to  explode  and  combine.  Finely  divided  platina  produces  llie  same 
effect.  What  is  called  spongy  platina  becomes  red-hot,  and  sets  fire  to  a  jet  of  hydrogen 
gas  projected  on  it  in  ilie  open  air.  This  action  is  said  to  be  due  to  the  attraction  of 
the  particles  of  platina ;  for  the  particles  of  oxygen  and  hydrogen,  being  strong  enough 
to  counteract  the  mutual  repulsion  of  the  particles  of  the  gas,  are  brought  suffi- 
ciently close  to  one  another  to  cause  their  combination  by  their  mutual  affinity.  The 
power  freshly-burned  charcoal  has  of  absorbing  large  quantities  of  different  gases,  and 
condensing  them  within  its  pores,  may  be  referred  perhaps  to  the  same  kind  of  action. 
Perhaps  all  solid  bodies  possess  this  power  of  attraction  for  gases ;  it  is  exceedingly 
difficult  to  remove  from  a  barometer-tube  the  film  of  air  which  adheres  to  the  sur- 
face of  its  bore,  and  this  can  only  be  done  successfully  by  boiling  the  mercury  in 
the  tube. 

Repulsion. — Beside  the  molecular  forces  of  attraction  which  we  have  been  con- 
sidering, particles  of  matter  exercise  a  repulsive  force  on  one  another,  when  their  particles 
are  brought  sufficiently  near  to  one  another.  Heat  seems  to  be  the  great  source  of  this 
repulsive  power,  and  some  authors  have  supposed  every  particle  of  matter  to  be  sur- 
rounded by  an  atmosphere  of  heat,  to  which  its  repulsive  force  is  to  be  attributed. 
Both  the  attractive  and  repulsive  force  may  be  exercised  in  the  same  body  at  the  same 
time,  as  we  shall  see  under  the  next  head  of  our  subject. 

Elasticity. — ^^^  term  elasticity  is  referred  to  that  property  of  matter  which  causes 
a  body,  whose  shape  has  been  altered  by  the  application  of  some  external  force,  to  resume 
its  former  shape  on  the  removal  of  the  cause  to  which  its  change  of  form  was  due. 
Thus,  if  a  ball  of  India  rubber,  glass,  or  ivory,  be  dropped  upon  a  hard  pavement,  it 
win  rebound  immediately  after  it  strikes  the  pavement  with  considerable  force,  and  if 
the  spot  where  it  strikes  be  covered  with  ink  or  paint,  we  shall  have  a  manifest  proof 
of  the  alteration  in  shape  of  the  ball,  produced  by  its  fall  on  the  pavement,  by  finding 
a  much  larger  portion  of  the  boll  covered  with  the  ink  or  paint,  than  could  have  been 
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the  ease  if  it  bad  retained  its  ^herical  shape.  The  force  irhieh  piroditees  the  terbound 
is  attributed  to  the  elasticity  of  the  ball,  and  is  due  to  the  repnlsiye  foree  -w^kkSili  the 
particles  of  the  ball  exercise  on  each  other,  irhen  they  are  foteiliiy  "btoaglat  into  n^aref 
eontadi  -with  one  another.  If  this  repuMye  force  be  greater  tban  the  cdheehe  force 
which,  the  particles  exercise  on  one  another,  or  if  the  force  of  the  blow  be  sttfficiently 
great  to  remoye  the  particles  beyond  ike  sphere  of  their  cohesiTe  force,  our  ball  will 
be  fituHjccred. 

AH  bodies  are  more  or  less  elastic,  solids  as  well  as  Saids,  some  possesBing  this  pro- 
perty in  mucb  greater  degree  than  others.  Gases  and  yapooi-s  are  called  elastic  fiuidS) 
from  the  perfectness  with  which  they  possess  this  property,  owifig  to  l3ie  powerfal 
repulsion  their  particles  exercise  on  one  another,— a  repulsion  almost  withoot  limit. 
Liquids  appear  to  possess  this  property  in  so  weak  a  degree  -that  they  are  sometimes 
called  inekstie  fitrids,  in  contradiutinction  to  yapottre  anA  gases;  birt  this  inelasticity  of 
fluids  is  only  apparent,  and  arises  from  the  great  force  of  repulsion  which  exists  between 
their  particles,  whiph  causes  them  to  resist  any  force  which  tends  to  bring  their  particles 
closer  than  the  sphere  of  their  mutual  attraction  of  cohesion,  with  snch  energy  thst 
fluids  can  only  be  compressed  into  a  smaller  bulk  by  the  action  of  enormous  jforces. 
This,  howerer,  has  been  done,  and  liquids  haye  shown,  by  the  force  with  which  Ifcey 
have  recoyered  their  bulk  on  the  remoyal  of  the  force  of  compression,  that  they  are 
highly  clastic, — ^a  fact  that  might  haye  been  ttaticipated  by  the  fadBty  with  which 
liquids  transmit  the  yibrations  of  a  scfncxrons  body,  whidi  is  made  io  yibrate  when  im» 
niersed  in  them.  "Water  conveys  sound  even  more  rapidly  than  8ir,--smt&d  travdling 
through  air  with  a  vdlocity  of  about  1123  feet  per  second,  and  Hmragh  water  at  the 
rate  of  4708  feet  in  the  same  time.  According  to  the  experiments  of  M.  CoQadon,  the 
sotmd  of  a  bell  was  conveyed  under  water  through  the  Lake  of  Oeneva  to  the  distance 
of  about  nine  nules.  It  must  be  borne  in  mind  that  sounds  made  in  the  air  are  heatd 
irith  difficulty  under  water,  owing  to  the  difficulty  with  which  vibmtionsr  are  com- 
nmhicated  from  one  medium  to  another.  It  is  to  the  elasticity  of  matter  that  we 
are  indebted  both  for  the  production  and  communication  of  sound.  If  a  belt  be  straek, 
its  shape  is  altered,  the  position  of  its  particles  are  changed,  and  Iheir  elasticity  causing 
the  body  to  resume  the  shape  altered  by  the  blow,  a  number  of  yibrations  are  produced. 
These  yibrations  are  connnunicated  by  the  elasticity  and  vibrations  of  the  air  to  the 
exceedingly  delicate  apparatus  of  our  ear,  where  their  intensities  are  modified  or  increased, 
and  communicated  to  our  sense  of  hearing.  That  an  elastic  body  is  necessary  for  com- 
municating the  yibrations  of  the  bell  to  our  ear  is  proved  by  the  common  experimeiEt  of 
striking  a  bell  under  an  exhausted  receiver,  when,  if  proper  precautions  be  tafiten  to 
prevent  the  communication  of  the  vibrations  of  the  beU  to  the  jar  through  the  medium 
of  the  yibrations  of  the  support  of  the  exhausted  receiver,  no  sound  will  be  heard. 

If  the  vibrations  be  either  fewer  or  greater  than  a  certain  number,  in  a  given  time, 
no  sound  will  be  heard,  though  this  limit  of  the  capabilities  of  heating  varies  in 
individuals ;  some  not  being ,  able  to  hear  a  sound  which  is  distressingly  aeiite  to 
others. 

By  the  bcautifal  experiments  of  Chladni  we  have  been  made  acquainted  with  the 
extraordinary  yibrations  which  are  made  by  a  sounding  body,  and  have  been  enaibled 
to  manifest  them  to  the  eye.  Take  a  rectangular  piece  of  glass;  smooth  one  of  its 
edges,  A B,  by  grinding  it  on  a  stone  with  a  little  sand;  hold  it  finnly  by  measu  of  a 
common  hand-vice,  C,  placiiig  a  little  cotton  wool  between  the  glass  and  the  Yiee ;  them, 
if  the  tice  be  screwed-  moderately,  and  the  plate  be  held  by  the  -dee,  and  ciytexcd  o^et 
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with  iry  sioid,  uj^oa  AntwiAg  a  iddle^bemr  aotMS  the  edge,  A  B,  a  aiuaieal  note  will  Ite 
produced.  As  soon  m  the  MHBid  is  hamt^  tke  purticleg  o£  sand  will  l»  -viele&% 
affltatod^  aiiid  projected  iipwizd»  a  oonsidArabfo  distance  by  the  TilmtiMia  of  tte  glaas, 


but  Mut  equally  m  OT«r  the  whole  plate.  In  some  parts  there  will  be  no  appareftt 
agitation,  and  if  the  note  be  stLStaiDed  a  few  soconis  the  sand  will  be  iamjd  arranged 
in  beaatifol  and  generally  symmetrical  figures;  If  the  glass  be  held  by  the  vice  in  the 
same  position,  the  same  figure  will  always  appear  wit^  the  saise  note ;  hot  if,  either  by 
dijSerent  applioatioA  of  the  bow,  or  by  altering  the  part  where  the  bow  is  ap^died,  a 
different  note  is  produced,  the  figare  is  immediately  altered.  If  now  a  membranous 
body,  stretcherd  over  a  hoop,  sach  as  a  tambourine,  be  covered  with  sand,  or,  what  is 
better,  moderately  course  emeiy,  and  held  near  the  glass  while  the  plate  of  glass  is 
Tibmting,  it  ^wSI  be  found  thait  the  ribratioiis  of  l&e  glass  can  be  oonreyed  by  the  air  to 
the  tan^ouiifiie^ — ^the  vibrations  of  the  tambourine,  though  untouched,  masdibatzng  them- 
selves by  the  sound  figures  fyteaed  on  its  surflice  by  the  motion  of  the  particles  of  sand 
or  emery. 

These  experiments  not  only  show  us  how  general  is  the  property  of  elastiraty,  but 
they  also  prove  that  tlie  partides  of  a  solid  body  are  capable  of  being  moved  about 
one  taaff&s&c  with  ooasiderable  fl&rce,  without  destroying  the  edhesion  of  the  par- 
tides,  fikd  e:toeeciug  the  fianits  of  its  action,  and  yet  retain  the  eharacteristies  of  a 
t(Mbody. 

The  vibTatkmes  thus  exdtcd  in  a  solid  body,  by  meacus  of  sound,  may  sometimes 
exceed  ther  Ixmits  of  the  ooheslTe  force ;  and  a  glass  tumbler  has  been  broken  by 
the  vibrarUcms  prodoced  by  the  voice  of  a  powerM  ednger.  For  aught  we  know  to 
t^  centrSEry,  the  particles  of  all  soiid  bodies  may  be  in  a  state  of  continuous  vibration 
and  motion,  though  we  may  have  no  means  of  rendering  their  motion  visible.  Sound 
Cforves,  whidi  are  not  masifbsted  on  a  vibrating  glass  or  metal  plate  by  sand,  are 
brought  out  by  the  fine  light  dust  of  lycopodium ;  and  we  know,  £rom  the  vibrations  of 
the  soicading-board  of  a  musical  instroment,  that  there  arc  many  vibrations  sufficientiy 
powerful  to  produce  soimd,  and  not  move  the  fine  dust  of  lycopodium.  The  vibrations 
which  may  be  produced  in  a  st^d  body,  by  the  subtile  forces  of  heat,  light,  and 
eleofcrieity,  cannot  bo  exhibited  by  any  such  rough  expedients  as  the  strewing  of  sand 
and  lyeopodium  on  liieir  staieuie,  but  may  be  inferred  from  the  beautiful  experiments  of 
tito  piiariscope. 

IF  we  consider  a  body  as  porfeetly  elastic  which  acquires,  from  its  elasticity,  a  force 
exaotiy  equal  and  'Opposite  to  the  force  with  which  it  impinges  on  a  resisting  body,  and 
if  we  deiMmiBate  thio  peffbet  elaettictty  by  the  number  100,  Mr.  Hodgkinson  has  shown 
lliaC  the  alasticitf  of  g^ass  wifi  bo  $4 ;  of  hard  baked  clay,  89 ;  ivory,  SI ;  limestone, 
79;.  Uardsned  steel,  79;  satft-ixtm^  73;  bell-metal,  67 ;  eox4e,  65 ;  elm-wood,  aeross  the 
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fibre,  60;  ham^  41 ;  lead,  20;   and  daj,  just  nmllwaile  by-the  hand,  17.    No  solid 
body  is  known  wbich  is  either  perfiectlj  elastic,  or  peifectij  fnplastir. 

Two  metals,  neillier  of  wbich  are  rery  ebstic,  may,  l^  tbeir  combrnation,  produce 
a  metal  capable  of  producing  musical  sonnds  of  great  sweetness  by  its  sopeiiar  elasticity. 
Sach  metals  are  known  by  the  name  of  beQ-metaL  It  is  not  necessary  that  a  body 
should  be  hard  in  order  to  be  elastic ;  India-mbber  is  an  instance  of  a  soft  body  being 
hig^y  elastic.  This  substance  also  shows  that  elasticity  is  affected  by  heat ;  a  piece  of 
Indiar-mbber  losings  to  some  extent,  its  elasticity  by  the  amplication  of  cold.  Tnl- 
caused  India  rubber  is  a  combination  of  Lidia  rubber  and  sulphur;  more  elastic,  and 
preserving  its  elasticity  at  a  lower  temperature  than  India  rubber. 

Gapillazj  Rapvlsloiu — ^If  a  capillary  tube  be  immersed  in  mereury,  the  mer- 
cury, instead  of  rising  in  the  tube,  by  the  attraction  of  the  sides  of  the  tube,  will  be 
repelled,  and  the  mereury  will  not  rise  to  the  height  of  the  fluid  outside  the  tube.  The 
same  repulsion  may  be  shown  to  exist  in  the  case  where  water  is  used,  by  greasing  the 
interior  of  the  tube,  or  dusting.it  with  lycopodium.  If  the 
tube  be  well  greased,  and  dusted  with  lycopodiimi,  so  as 
to  cause  the  interior  surface  of  the  tube  to  repel  the  par- 
ticles of  water,  the  water  will  rise  only  a  litUe  way  up  the 
tube,  as  va.be;  and  its  surface,  aa^  considerably  below  the 
surface  of  the  fluid  exterior  to  the  tube,  will  be  convex,  as 
in  the  case  of  mercury.  If  the  tube  be  only  slightly 
greased,  the  water  will  rise  to  the  level  of  the  external 
fluid,  and  its  surface  be  perfectly  plain,  as  in  the  tube  de;  c 

and  if  the  tube  be  perfectly  clean,  so  as  to  produce  the         ^^ 
phenomena  of  capillary  attraction,  it  will  rise,  as  in  the 
tube/^,  and  its  siuiace  will  be  concare. 

This  repulsion,  exercised  by  the  surface  of  one  body  on  another,  is  the  cause  of  the 
gbbular  form  of  particles  of  quicksilver  on  sur&ces  which  the  quicksilver  is  incapable  of 
wetting,  and  of  the  similar  form  of  the  drops  of  dew  on  a  leaf  which  has  not  been  wetted 
by  the  water.  If  drops  of  water  be  let  fall  on  a  surface  of  paper  which  has  been 
greased,  or  dusted  over  with  lycopodium,  a  like  effect  wiU  be  produced.  A  sewing 
needle,  when  perfectiy  dry,  may  be  made  to  float  with  ease  on  the  surface  of  water, 
which  will  be  visibly  repelled  from  the  surface  of  the  needle,—^  suflEicient  volume  of  air 
being  retained  about  it,  to  overcome  the  force  of  the  gravity  of  the  needle,  and  prevent 
it  from  sinking. 

Small  bodies  floating  on  water  apparently  attract  and  repel  one  another  when  they 

are  brought  within  a  certain  distance,  though  this  attraction  and  repulsion  is  due  to 

the  capillary  attraction  and  repulsion  of  the  surface  of 

the  bodies  and  the  fluid  in  which  they  float,  and  not 

exerted   by  the  bodies  on  each  other.       Thus,  if  we 

grease  two  cork  balls,  A  and  B,  and  dust  them  with 

lycopodium  powder,  they  will,  when  set  upon  water,  repel 

the  liquid  all  round,  each  ball  reposing  in  a  hollow 

space.     If  brought  near  to  each  other,  their  repulsion, 

exerted  on  the  water  at  0,  makes  a  complete  depression, 

and  they  fall  toward  one  another  as  though  they  were 

It  is,  however,  the  lateral  pressure  of  the  water  beyond,  which 

Again,  if  one  of  the  balls,  E,  is  greased,  and  dusted  with 


attracting  each  other, 
forces  them  together. 
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lycopodium,  and  the  otJier,  B,  dem,  and  thierefore  capable  of  being  moistened,  an 
eieratioii  will  exist  all  round  D,  and  a  depression  round  E.  When  placed  near 
together  the  balla  appear  to  repel  each  other ;  tiie  action  in  this  case,  as  in  the  fbimer, 
arising  from  the  fig^ure  of  the  surface  of  the  water. 

The  dilatability  and  compreasibility  of  solid  or  fluid  bodies  depends  upon  the  action 
of  the  repulsiTe  forces  which  their  constituent  particles  are  capable  of  exerting  on  one 
another,  and  the  forces  by  which  they  are  modified.  These  forces  are  shown  to  difEer 
greatly,  acbording  to  the  composition  of  the  bodies  in  which  they  are  manifested. 

Chfnni€al  AfBLnitj. — ^Besides  the  molecular  forces  which  we  have  been  con- 
sLdering,  there  are  a  yast  nuiiAer  which  are  most  important  in  their  effiscts,  and  are 
classed  under  the  general  name  of  Chemical  Affinity.  Most  of  the  molecular  forces 
which  we  haye  hitherto  considered  are  produced  by  the  mutual  action  of  the  particles 
of  homogeneous  bodies,  or  bodies  composed  throughout  of  the  same  kind  of  substance 
upon  one  another.  The  forces  of  attraction  or  repulsion  manifested  by  the  chradcal 
affinities  of  substances  for  one  another,  are  produced  hy  the  action  of  dissimilar  sub- 
stances. We  refer  the  forces  which  hold  a  bar  of  iron  together  (and  by  their  action 
cause  its  rigidity,  and  the  -vibrations  of  its  particles,  and  to  which  the  bar  of  iron 
owes  most  of  its  characteristic  properties)  to  the  forces  of  attraction  and  repulsion,  which 
we  haye  already  considered ;  but  its  rusting  when  exposed  to  the  air,  and  its  solution 
in  an  acid,  and  the  means  of  obtaining  the  iron  back  again  from  its  rust,  or  from  the 
salt  formed  by  its  solution  in  an  acid,  we  attribute  to  certain  unknown  forces  and 
properties  of  matter,  designated  by  the  term  chemical  affinity,  or  repulsion. 

The  consideration  of  chemical  affinity,  in  all  its  details,  would  lead  us  through  the 
wide  domain  of  the  science  of  chemistry ;  consequently,  we  can  only  giye  such  a  yiew 
of  the  subject  as  may  make  the  term  chemical  affinity  inteUigible  to  such  of  our 
readers  as  are  unacquainted  with  chemistry ;  referring  them  for  further  information  to 
special  treatises,  but  yet  indicating  the  most  important  properties  of  matter  classed 
under  this  name. 

We  haye  already  mentbned  that  sisty-three  simple  substances  haye  been  disooycied, 
which  haye  hitherto  resisted  eyery  attempt  to  reduce  them  to  simpler  elements,  and  to 
which  we  gaye  the  name  of  simple,  or  indecomposible  elements.  All  the  bodies  we 
meet  with  in  nature  are  either  composed  of  some  one  of  these  simple  elements,  or  else 
formed  by  Ihe  union  of  two  or  more  of  them.  Sometimes  this  imion  is  merely  mechan- 
ical: as,  for  instance,  if  we  were  to  mix  a  quantity  of  sand  and  sawdust  together, 
and  unite  them  into  a  mass,  by  means  of  glue,  or  some  other  substance,  the  par- 
ticles of  sand,  glue,  and  sawdust  would  remain  unaltered;  or  the  union  may  be  of 
a  different  nature,  as  in  the  case  of  iron-rust,  to  which  we  haye  already  alluded.  Iron 
is  a  simple  element,  and  a  metal.  Oxygen  ii  a  simple  element,  which  as  yet,  in  its 
simple  form,  has  only  been  obtained  as  a  gas.  Now  the  oxygen  is  found  to  unite  with 
iron  in  certain  proportions,  and  form  a  new  substance — iron-rust — ^which  differs  in  all 
its  properties  frx)m  either  the  iron  or  the  oxyg^i  from  which  it  is  formed.  By  no 
mechanical  means  of  diyision  whateyer  can  we  separate  the  iron  from  the  oxygen  in  the 
most  minute  particle  of  the  rust  which  we  can  procure.  Bust  is  an  instance  of  a 
chemical  combination  of  iron  and  oxygen,  and  is  known  by  the  scientific  appellation  of 
an  oxide  of  iron.  This  is  not  the  only  oxide  of  iron ;  the  chemical  combination  of  the 
oxygen  with  the  iron,  to  form  iron  rust,  we  attribute  to  certain  unknown  properties  of 
the  particles  of  matter  constituting  iron  and  oxygen,  which  we  call  their  chemical 
affinity  for  one  another. 
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There  are  two  kinds  of  chemical  affinity,  differitig  fipom  one  a&olher ;  one  ia  -wMck 
substances  are  capableof  combining  with  one  another,  one  of  the  snbstaaoes  beiag  i& 
any  proportion  whatever  to  the  other,  and  the  other  in  which  the  sub^tanceft  only  um'to 
in  certain  definite  proportions.  Solutions  of  solid  substances  in  fLmda  are  tax  iastattM 
of  th3  former  j  iron-rust  and  water  are  instaoioes  of  the  latter. 

^irxts  and  water  are  capable  of  mixing  together  in  any  proportions  whoterer ;  the 
same  is  true  for  sulphtiric  acid  and  water ;  while  some  fiuids,  aach  as  oil  and  water, 
cannot  be  made  to  unite.  Common  salt  is  soluble  in  water;  and  if  seme  salt  be  dis- 
solved in  water,  the  quantity  of  water  may  be  increased  to  any  amoant  f  and  l^e  salt 
will  be  combined  with  every  particle  of  the  water ;  for  a%given  portion  of  water,  how- 
ever, the  converse  will  not  hold  good.  After  a  certain  amomit  of  salt  has  been  dis- 
solved in  the  water,  the  water  is  incapable  of  dissolving  any  more,  and  the  liquid  is  safsd 
to  be  saturated.  The  same  holds  true  for  many  other  substances  than  oommDB,  salt  -, 
sometimes  warm  water,  or  a  warm  liquid,  wiH  taike  up  more  of  a  solid  than  cdd,  «id, 
in  a  few  instances,  the  reverse  is  the  case.  Some  solids  which  are  soluble  in  one  B(|aByi 
are  insoluble  in  another.  Camphor  is  soluble  in  spirit,  and  but  slightly  solublff  ixt 
water.  Tf  we  add  water  to  a  solution  of  camphor  in  spirit,  the  camphor  wiE  be  inane* 
diately  separated  fix>m  the  mixture  in  a  white  powder.  We  say  thai  this  e£^  is  prodoeed 
by  the  greater  affinity  of  spirit  for  wateir  than  for  cainphor.  Beside  these  caset  Utiete  are 
iimumerable  instances  in  whieh  the  ehednical  elementts  combine  with  one  alkother  in 
definite  proportions  only,  by  weight,  which  has  led  to  the  importaskt  doetrine  of  diettiioftl 
equivalents.  We  have  already  intimatedy  that  if  eight  jMErts  of  osygen^  by  weigbt^  be 
mixed  with  one  part  of  hydrogen,  by  weight,  and  tbo  mixture  be  eombaaiid,  cJiCher 
by  passing  through  it  an  electric  spark,  or  by  any  other  means  of  ignitiaig  tli» 
nmcture,  an  explosion  will  take  place,  and  a  quantity  of  water,  equal  in  Weight  to  the 
Sum  of  the  weights  of  the  gases,  will  be  formed.  If  either  of  the  ^ases  be  m  exeeds--^ 
thus,  if  there  be  ndiie  parts  of  oxygen  and  two  parts  of  hydrogeAr^-otily  eight  parts  of  Hks 
oxygen  will  combine  with  one  part  of  hydrogen,  and  the  remaining  parts  of  oxygen  tai, 
hydrogen  will  remaan  uneombined.  It  doeg  not  follow  that  these  ar^  the  <»ily  pnopor- 
tions  in  which  these  two  elements  will  combine.  To  take  another  imttioice.  siattMB 
parts,  by  weight,  of  sulphur  combine  with  eight  parts  of  oxygen  to  form  twesty-dyiB 
parts,  by  weight,  of  hyposulphurous  acid.  The  samo  weight  of  sulphizr  eombiaeA  with 
twice  the  previous  weight  of  oxygen  to  form  sulphurous  acid,  and  with  three  tifliea  tiMt 
first  weight  of  oxygen  to  form  sulphuric  acid.  Now  what  we  have  said^  for  tho  com- 
binations of  sulphur  and  oxygen,  is  true  for  the  combinations  of  every  other  elementaivy 
body,  when  they  unite  together  to  form  a  new  chemical  compoujad  by  the  aetion  oif 
their  affinity  for  one  another.  Each  substance  has  a  certain  weight  for  itself :  thus,  if 
we  taike  the  weight  of  hydrogen  as  1,  for  one  unit,  oxygen  will  be  8  very  nearly  (it  is- 
not  exactly  8  according  to  the  analysis  of  Berzclius,  but  8*013,  whieh  diffiers  from  8  by 
so  smaU  a  fraction,  that  we  may  use  8  for  it  as  an  {^^xroximation),  carbon,  6  j  nitroge&y 
14 ;  Sulphur,  16 ;  iron,  28 ;  and  so  on. 

Now  it  has  been  found,  by  an  immense  number  of  analyses^  that  these  simple  eifr. 
mcnts,  when  they  combine  together,  always  do  so  according  to  som«  simple  nniltipks 
of  their  respeOtive  proportional  number.  The  new  sabstanoes,  thus  formed  by  the  com- 
bination of  two  elementary  substances,  have,  for  their  equivalent  or  combining  weighty 
tlbe  weight  which  is  the  sum  of  the  weights  of  their  constitaonts ;  and  com1»iie  either 
wi&  other  simple  eletaents,  or  their  eompounds,  generally  i&  timpte  mnltiplefl  of  thecf 
equivalent  weights.    The  elements  are  generally  designated  by  diemifitg  by  the  &stt 
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Utter  or  two  of  their  names,  soxnetimefl  using  the  Latin  names  of  the  sabstanoes.  Thus 
oxygen,  is  represented  by  0,  hydrogen  by  H,  carbon  by  C,  nitrogen  by  N,  iron  by  Pe, 
gold  by  An,  &c.  Now  in  this  way  compounds  of  these  subetanccs  are  easily  expressed : 
water  is  HO,  hypo-sulphurons  acid  SO,  sulphurona  aoid  SO*,  sulphuric  acid  SO', 
hypo-Bulplmric  acid  S*0*;  where  the  figures  placed  abore  the  symbol  of  the  substance 
shows  the  multiple  of  its  equiyalent  weight,  in  which  it  enters  into  the  combina- 
tion. Thus,  in  the  last  instance,  twice  Uto  equivalent  weight  of  sulphur  combines 
wifli  fire  times  the  equiyalent  weight  of  oxygen  to  fbrm  the  compound  called  Hypo- 
sulphuiic  Add. 

"We  lucre  frcq[uently  mentioned  that  8  parts  by  wcij^ht  of  oxygen  combine  with 
1  part  by  weight  of  hydrogen  to  form  water.  To  form  a  table  of  equiralont  numbers  we 
say  that  1  is  the  equiyalent  of  hydrogen  and  8  of  oxygen ;  we  then  find  by  analysis  that 
16  parts  of  stdphur  by  weight  combine  with  8  parts  by  weight  of  oxygon,  twice  8,  and 
three  times  8  parts  of  ox3rgen  to  fbrm  three  distinct  compounds  possessing  diiTerent  pro- 
perties ;  we  therefore  take  16  as  the  cquiralent  number  for  sulphur.  In  the  same  way 
28  is  fbund  to  be  the  equiyalent  for  iron,  and  the  process  is  continued,  till  we  find  the 
equmdent  number  for  eyery  elementary  substance.  Instead  of  commencing  with 
hydrogen  for  our  unit,  wc  might  haye  chosen  any  other  element.  TaUes  have  been 
constmeted,  in  which  the  equivalent  of  oxygen  is  1,  in  which  it  ia  100,  and  in  which 
hydrogen  is  talcen  as  I . 

Br.  TtoxA  proposed  the  table  in  which  hydrogen  is  taken  as  the  uidt,  becaruae  he 
stxpiMwed  that  all  the  elements  combined  in  simple  multiples  of  the  equivalent  of  hydro- 
gen. Dr,  Thomson  followed  him,  and  thus  eonsCnicted  a  taUe  in  which  no  fh^tiens 
entered :  thus,  if  we  take  1  for  the  equiyalent  of  oxygen,  0125  is  the  equivaitettt  of 
hydrogen,  0*75  of  coiboQ,  1*75  of  nitrogen^  2  of  sulphur,  and  3*5  of  iron ;  but  if  we 
tidce  8  for  the  equiyalent  of  oxygen,  1  is  that  of  hydrogen,  6  of  carbon,  14  of  nitrogen, 
16  of  sfdi^mr,  and  28  of  iron.  The  more  accurate  analyses  of  Berselius  have  shown 
Uiat  -ftese  latter  equivalents  are  not  quite  true :  ihrm,  according  to  Berselius,  oxygen  is 
8'013,  casrbon  6*125,  sulphur  16*120 ;  but  ibr  general  purposes,  where  great  accuracy 
is  not  required,  the  numbers  in  Thomson's  table  wiH  be  found  yOry  convenient.  The 
equivalent  of  any  body  in  the  oxygen  seide  may  be  found  approximately  from  that  in 
the  hydrogen  scale,  by  dividing  its  equivalent  in  the  latter  by  8 ;  thus,  for  hydrogen 
^:=  0'i25,  for  carbon  -frz  '75 ;  and  any  nimiber  in  the  hydrogen  scale  £x>m  the  oxygen, 
by  simply  multiplying  the  latter  by  8. 

Now  Hhe  forces  which  cause  the  elementary  particles  of  matter  and  their  combina- 
tions  to  unite  with  one  another  in  these  definite  proportions,  and  thus  to  form 
compounds  possessing  distinct  properties  from  the  substances  which  compose  them,  we 
call  the  forces  of  chemical  affinity.  The  molecular  farces,  which  we  have  already  con- 
sidered, materially  modify  these  forces.  Pew  of  the  chemical  forces  are  sufficiently 
powerftil  to  overcome  the  cohesion  of  a  solid  body,  imless  one  of  the  combining  elements 
is  either  in  a  state  of  solution,  or  else  in  a  fluid  state.  Heat,  light,  and  electricity, 
possess  a  considerable  power  in  modifying  liese  chemical  affinities  of  substances.  Both 
heat  and  electricity  possess  the  power  of  overcoming  these  forces,  and  resolving  many 
of  the  compound  substances  into  their  simple  dements.  This  power  of  decomposition  is 
also  exertised  by  dtffisrent  substances  on  one  another.  Some  substances  are  said  to 
possess  a- greater  affinity  for  one  substance  than  another.  When  one  substance,  on 
beiog  added  to  a  fluid  in  which  another  substance  is  dissolved,  causes  the  latter  to  bd 
separated  from  the  fluid  and  is  itadf  dissolved,  the  action  is  caDed  single  elective  affi- 
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nity.     Sulphuric  acid  lias  a  single  electiye  affinity  for  the  foUowing^  substanceSy  in 
the  order  in  which  they  stand : — 

Baryta.  Lime. 

Strontia.  Ammonia. 

Potaasa.  Magnesia. 

Soda. 
Thus,  among  these  substances,  the  affinity  of  sulphuric  acid  for  baryta  is  considered  the 
strongest,  and  for  magnesia  the  weakest.  None  of  the  substances  can  separate  baryta' 
&om  its  solution  in  sulphuric  acid ;  all  can  separate  magnesia  from  its  solution.  Again, 
soda  can  separate  lime,  ammonia,  and  magnesia,  but  not  potassa,  strontia,  or  baryta, 
from  their  solution  in  sulphuric  acid. 

Sometimes  compositions  and  decompositions,  which  cannot  be  effected  by  single 
electiye  affinity,  are  produced  by  a  double  decomposition,  which  is  called  double  elective 
affinity.  Thus,  if  130  parts  of  the  nitrate  of  baryta,  dissolved  in  water,  be  mixed  with  a 
solution  of  88  parts  of  sulphate  of  potash,  the  nitric  acid  will  leave  the  baryta  to  com- 
bine with  the  potash,  and  form  102  parts  of  nitrate  of  potash,  which  will  remain  in 
solution  while  the  sulphuric  acid  will  combine  with  the  baryta,  and  116  parts  of 
the  sulphate  of  baryta  will  be  precipitated. 

We  are  not  enabled  by  these  decompositions  to  arrive  at  a  correct  knowledge  of  the 
real  strength  of  the  chemical  affinities  of  substances  as  compared  with  one  another,  as  so 
many  imknown  disturbing  causes  may  influence  our  results.  Thus,  when  a  stream  of 
hydrogen  gas  is  passed  over  oxide  of  iron  heated  to  redness,  the  oxide  is  reduced  to  the 
metalHc  state,  and  water  is  generated,  from  which  we  might  infer  that  hydrogen  has  a 
stronger  affinity  for  iron  than  for  oxgen.  If,  on  the  contrary,  watery  vapour  is  brought 
into  contact  with  red-hot  iron,  the  vapour  is  decomposed,  and  oxygen  combines 
with  the  iron,  which  would  lead  us  to  conclude  that  the  affinity  of  iron  for  oxygen 
was  stronger  than  that  for  hydrogen.  These  inferences  are  clearly  incompatible  with 
one  another,  since  the  affinity  of  oxygen  for  the  elements  iron  and  hydrogen  must  be 
either  equsl  or  unequal.  "We  are  not  enabled,  therefore,  to  measure  the  relative 
intensity  of  the  chemical  affinities  of  different  substances  for  one  another. 

Csystalline  Foxce« — ^Bodies  which  assume  the  solid  form,  are  either  amorphous, 
that  is,  without  shape  or  definite  form ;  crystals,  in  which  case  their  surfaces  are 
generally  plane,  and  inclined  to  one  another  at  definite  angles  ;  or  crystalline,  when 
they  are  composed  of  an  irregular  aggregation  of  minute  crystals.  Barley-sugar  is  an 
instance  of  an  amorphous  body ;  sugar-candy,  of  a  crystal ;  and  a  lump  of  loaf-sugar, 
of  a  crystalline  body.  Marble  is  an  instance  of  crystalline  form ;  but,  if  it  be  ground  into 
the  finest  dust  to  which  it  can  be  possibly  reduced,  the  particles,  viewed  under  a  powerful 
microscope,  will  present  well-formed  crystals,  resembling  those  of  Iceland  spar.  B  is 
probable  that  most,  if  not  all,  substances  would  crystallize  in  passing  from  the  fluid^tt^ 
the  solid  state,  if  some  disturbing  cause  did  not  prevent  the  particles  from  arranging 
themselves  symmetrically  about  one  another,  under  the  influence  of  those  molecular 
forces  which  cause  the  body  to  assume  the  solid  state.  Many  substances  are  found  as 
crystals  in  the  mineral  kingdom,  which  we  cannot  crystallize  in  the  laboratory. 
"Water  is  frozen  readily  into  ice,  which  possesses  some  of  the  attributes  of  a  crystalline 
body,  both  as  to  cleavage  and  optical  properties,  without  presenting  us  with  definite 
forms.  The  crystals  of  water  cannot  be  obtained  artificially ;  but  in  snow  they  are  pre- 
sented in  great  variety  and  most  beautiful  combinations. 

Crystals  may  be  formed  in  various  ways :  by  sublimation,  as  in  the  case  of  arsenic 
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and  sulphur ;  by  the  evaporation  or  cooling  of  a  fluid  in  which  the  solid  is  dissolved ; 
and  by  the  simple  passage  from  the  fluid  to  the  solid  'state,  as  in  the  case  of  sulphur 
and  most  metals. 

The  varieties  of  crystals  are  endless ;  more  than  seven  hundred  different  dkystals 
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of  one  sixbstance— carbonate  of  lime — ^havc  been  figured  and  described.  It  is  found,  how- 
ever, that'the  most  complicated  forms  may  be  reduced  to  comparatively  few  simple  ones, 
by  observing  what  simple  symmetrical  solids  would  be  formed  by  thiose  taces  of  a  crystal 
which  have  a  symmetrical  relation  to  one  another — if  those  feces  were  supposed 
to  be  continued,  so  as  to  form  a  solid. 

These  simple  symmetrical  solids  are  frequently  found  perfectly  developed  among  the 
crystals  of  those  substances  from  whose  more  complicated  forms  they  may  be  derived. 
The  simple  forms  thus  obtained  are  found  to  arrange  themselves  into  six  distinct  groups ; 
the  forms  in  each  group  being  connected  with  one  another  by  distinct  relations  and 
laws.  These  groups  are  termed  systems  of  crystallization.  It  was  supposed  by  Haiiy, 
that  there  was  a  primitive  form  for  the  elementary 'atom  of  every  crystalliza- 
ble  substance,  and  that  all  the  varieties  of  forms 
presented  by  its  crystals  might  bo  built  up  by  the 
union  of  these  primitive  atoms.  Thus  the  accom- 
panying diagram  shows  how  he  conceived  the  more 
complicated  form  of  the  rhombic  dodecahedron,  a 
solid  bounded  by  twelve  equal  and  similar  rhombs, 
might  be  built  up  of  cubical  particles.  Haiiy' s  primitive 
atoms  were  cubes,  octohedra,  rhomboids,  and  square 
or  oblique  prisms,  according  to  the  system  to  which  the 
crystals  belonged.  This  hypothesis  of  Haiiy,  though 
it  is  not  now  maintained,  on  account  of  the  many  dif- 
ficulties which  a  more  extended  study  of  crystallo- 
graphy has  presented  to  its  reception,  has  led,  however,  to  the  discovery  of  the  geome- 
trical laws  upon  which  the  systems  of  crystallography  are  founded,  and  has  impressed 
its  nomenclature  too  firmly  on  chemical  science  to  be  easily  eradicated.  Dr.  "Wollaston, 
instead  of  supposing  crystals  to  be  formed  of  cubical  or  other  solid  particles,  bounded 
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by  plaae  faces,  considdrod  all  the  crTstaliime  fonss  of  ihe  aubi€al«ysteia  ot  erptolfl  to  be 
built  up  of  small  spheres,  md  the  forma  of  the  other  gy«tems  by  prolate  and  obkte 
spheroids.  His  hypothesis,  however,  is  not  more  successful  than  that  of  Mm,y%  in 
accounting  for  the  exoeedingly  complicated  arrangements  whieh  would  haTeto^e  oiade, 
in  order  to  build  up  many  forms  occurring  very  frequently  among  crystals. 

Cleavage. — ^A  most  interesting  property  of  crystals  is,  that  many  of  them  can  be 
split  or  cleaved  in  certain  definite  directions,  parallel  to  certain  geometrical  solids,  with 
great  ease ;  thus  showing  that  there  are  certain  directions  in  which  the  coheaive  forces 
which  hold  the  particles  of  crystals  together  act  with  less  intensity  than  othaw. 

The  forms  of  crystals  and  their  cleavages  present  us  with  the  best  hope,  by  a  oaxefiil 
study  of  them,  to  arrive  at  a  knowledge  of  the  laws  of  molecular  force ;  as  tihese  solids 
may  be  considered  mathematical  and  geometrical  expressions  of  the  laws  by  which 
these  forces  act  on  the  particles  of  a  solid  body. 

Diflferent  substances,  which  are  found  to  crystallize  in  form^  whose  solid  angles 
present  the  same  measurement,  are  called  iso-morphous,  that  is,  of  like  shape — 
the  form  of  their  ultimate  atoms,  according  to  the  hypotheses  of  Haiiy  and 
Wollaston,  being  supposed  to  be  identical.  When  the  same  substance  is  ibund 
crystallizing  in  forms  belonging  to  two  or  three  different  systems  of  crystals,  it  is 
said  to  be  di-morphous,  or  tri-morphous — ^that  is,  of  two  or  three  primitive  forms : 
thus  the  atoms  of  carbon  and  sulphur  are  di-morphous — ihsA  is,  in  one  condition  they 
take  one  primitive  form,  and  in  the  other  another.  It  is  found  that  this  change  takes 
place  in  a  body  by  an  alteration  of  temperature.  It  is  this  £iet  of  dimorjdiifim  which 
presents  an  almost  insuperaUe  objection  to  the  theories  of  Haiiy  and  WoUfleton.  It 
would  be  wiser,  however,  to  confess  our  utter  ignorance  of  the  form  of  tiie  ultimate 
particles  of  matter,  if  they  have  any,  anil  patiently  to  collect  new  facts,  until  flome  mone 
happy  hypothesis  may  be  discovered  to  enable  us  to  group  together  a  larger  number  of 
facts  into  some  law  of  nataxe. 

It  is  found  that  certain  substances  are  capable  of  replacing,  one  another  in  cetiaiii 
compounds — such,  for  instance,  as  the  alums  and  garnets — ^without  altering  their  crys- 
talline forms.  Substances  which  thus  replace  one  another,  are  said  to  be  isomorphous 
elements.  

fltvengtli  of  BXateziais. — ^The  strength  of  a  solid  is  identical  with  the  degree 
in  which  it  possesses  the  power  of  retaining  its  figure  against  the  tendency  of  its 
component  parts  to  obey  the  influence  of  gravitation  or  any  similar  disturbing  £aioe.   .: 

The  effects  of  a  force  acting  on  a  soUd  body  are  numerous ;  the  chief  being  exten- 
sion, compression,  detnision,  flexure,  torsion,  alteration,  and  fractare.  The  power  of 
resisting  Ihese  efBects  is  not  to  be  determined,  in  the  case  of  particular  substances,  other- 
wise than  by  experiment.  A  body  is  subjected  to  extension  when  a  weight  is  sus- 
pended below  a  fixed  point ;  and  in  this  case  a  body  retains  its  form  by  its  cohesion, 
assisted  by  rigidity.  When  a  weight  is  supported  on  a  pillar  placed  below  it,  the 
pillar  is  compressed,  while  it  plainly  resists  the  effect  by  a  repulsive  fdrce,  but  seconda- 
rily, also,  by  rigidity.  Detrusion  takes  place  when  a  transverse  force  is  applied  Pilose 
to  a  fixed  point,  in  the  same  manner  in  which  the  blades  of  a  pair  of  scissors  act  on  the 
pin ;  and  the  force  which  resists  this  operation  is  principally  the  lateral  adhesion  of  the 
component  parts  of  the  substance,  aided  by  a  degree  of  adhesive  and  repulsive  fbree. 
Flexure  is  brought  about  by  the  application  of  three  or  more  forces  to  different  porta  of 
a  substance,  by  which  it  is  bent,  some  of  its  parts  being  extended,  others  compressed. 
In  torsion,  or  twisting,  the  central  particles  remain  in  their  natural  state ;  while  those 
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which  are  in  opposite  parti  of  the  drcumfiereace  are  diipiaced  in  opposite  dizectiona. 
When  by  the  operation  of  any,  or  of  gereral,  of  thaae  foroes,  a  perBianent  change  is 
effected,  that  Idnd  of  alteration  ha«  occurred  which  is  termed  "  aettling/'  or  "  taking  a 
set''    Fraeture  is  the  limit  of  all  the  before-mentioned  e&ct«.^Yovv6. 

Two  kinds  of  foisceg  aie  eonoeraed  in  all  these  effects— namely,  Bimple  pressure  and 
impulse.  The  simplest  way  in  which  a  body  can  be  broken  is  by  tearing  it  asunder. 
The  cohesLTO  foree  continues  to  be  inereased  as  long  em  the  tenacity  of  Uie  substance 
allows  the  particles  to  be  separated  from  each  other  without  a  pennaaent  alteration  of 
form ;  and  when  this  has  been  produoedf  the  same  £Mt$e,  if  its  action  is  continued,  its 
generally  oapaUe  of  caosiBg  a  total  separation  of  continuity. 

A  body  of  a  poimd  weig^  filing  from  the  height  of  a  yard,  will  produce  the  same 
e&et  in  breaking  any  substaaee  as  a  body  of  three  pounds  fiJling  from  the  height  of  a 
foot,  since  their  momenta  are  eqoaL  If  the  pressure  of  one  hundred  pounds  break  a 
given  substanee  afjkcr  eytending  it  through  the  space  of  an  inch,  the  same  will  break  it 
by  itrikiag  it  with  the  weloeity  that  would  be  acquired  by  the  fidl  of  a  heavy  body 
firem  Uie  height  of  half  an  in«h ;  and  a  we%ht  of  one  pound  would  break  it  by  falling 
from  a  height  of  fifry  inches. 

The  f<^l0wing  passage  from  the  work  of  an  eminent  philosopher  illustrates  some  of 
the  diffiexdties  in  this  subject : — ''  There  is  a  limit  beyond  which  the  velocity  of  a  body 
steikiDg  another  cannot  be  increased  without  overcoming  its  resilience,  and  breaking  it, 
however  nnall  the  bulk  of  the  first  body  may  be ;  and  this  limit  depends  on  the  inertia 
of  (he  parts  of  the  second  body,  which  must  not  be  disregarded,  when  they  are  impelled 
wUh  a  considerable  Telocity.  For  it  is  demonstxable  that  there  is  a  certain  velocity, 
dependient  on  the  nature  of  a  substance,  with  which  the  effect  of  any  impulse  or  pressnze 
is  transmitted  through  it ;  a  certain  portion  of  time,  which  is  shorter  accordingly  as  the 
body  is  iiK»'e  elastie,  being  required  lor  the  propagation  of  the  force  through  any  part 
«f  it ',  and  if  the  actual  Telocity  of  an  impulse  be  in  greater  prc^rtion  to  this  vdocity 
than,  the  eatenaion  or  compression  of  which  the  substance  is  capable  is  to  its  whole 
length,  it  is  obvious  that  a  separation  must  be  produced,  since  no  parts  can  be  extended 
or  eoBipressed  which  are  not  yet  affected  by  the  impulse,  and  the  length  of  the  portion 
aiEseted  at  any  instant  is  noi  sufficient  to  allow  the  required  extension  or  compression. 
Thss  if  the  Tdocity  wilii  which  an  impression  is  transmitted  by  a  certain  kind  of  wood 
be  15,0d0  feet  in  a  second,  and  it  be  susceptible  of  compression  to  the  -shu^  ^^  ^ 
length,  the  greatest  velocity  that  it  can  resist  will  be  75  feet  in  a  second,  which  is  equal 
to  that  of  a  body  falling  from  a  height  of  about  90  feet.  And  by  a  similar  oompaiison 
we  may  determine  the  Telocity  which  will  be  sufficient  to  penetrate  or  break  off  a  sub- 
stance in  any  other  manner,  if  we  calculate  the  velocity  required  to  oonyey  the  impulse 
from  one  part  of  the  substance  to  the  other,  and  ascertain  the  degree  in  which  it  can 
have  its  dimensions  altered  without  fracture. 

"  It  is  easy  to  imderstand  from  this  statement  the  different  qualities  of  natural  bodies 
with  respect  to  hardness,  softness,  toughness,  and  brittlcness.  A  column  of  chalk, 
capable  of  supporting  only  a  pound,  will  perhaps  be  compressed  by  it  only  a  thousandtli 
part  of  its  length :  a  column  of  India  rubber,  capable  of  suspending  a  pound,  may  be 
extended  to  more  than  twice  its  length;  the  India  rubber  will  1here£[»e  resist  the  energy 
of  an  impulse  incomparably  greater  than  the  chalk.  A  diamond,  the  hardest  substance 
in  nature,  may  be  broken  by  a  moderate  blow  with  a  small  hammer  in  the  direction  of 
one  of  its  cleavage  planes.  A  weight  of  1,000  pounds,  moving  with  a  Telocity  of  one 
foot  in  a  second,  and  acting  on  a  small  surface  of  a  board,  may  possess  sufficient  energy 
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to  break  or  penetrate  it.  "With  a  velocity  of  100  feet  in  a  second,  a  weight  of  -^^  of 
a  pound  will  possess  the  same  energy  and  produce  the  same  effect,  if  it  act  on  a  similar 
surfiuse ;  but  if  the  wood  be  so  constituted  as  to  be  wholly  incapable  of  resisting  a 
velocity  of  100  feet  in  a  second,  it  may  be  penetrated  by  a  weight  of  liry^  ^^  ^  pound 
as  well  as  by  -j\f  th,  and  by  a  moderately  soft  substance  as  well  as  by  a  harder.  The 
whole  board,  however,  if  at  liberty,  would  receive  a  much  greater  momentum  from  the 
impulse  of  the  large  weight  than  from  that  of  the  small  one,  its  action  being  continued 
for  a  much  longer  time.  And  it  is  for  this  reason  that  a  ball  shot  by  a  pistol  wiU  per- 
forate a  sheet  of  paper  standing  upright  on  a  table  without  upsetting  it." 

Thus,  however  easy  it  is  to  describe  in  general  terms  the  nature  of  a  solid  as  that 
form  of  matter  in  which  the  cohesive  force  resists  gravitation  and  preserves  form,  we 
find  it  to  be  a  very  complex  subject  when  our  attention  is  directed  to  the  relative 
strength  of  particular  substances,  and  to  the  numerous  modes  in  which  that  strength 
may  be  tried.  As  respects,  however,  the  force  of  cohesion  in  solids  to  resist  gravitation, 
one  or  two  illustrations  remain.  If  a  substance  be  conceived  to  be  raised  in  the  form 
of  a  pillar  to  an  unlimited  altitude,  a  height  will  be  at  last  attained  at  which  its  own 
weight  will  crush  its  base.  In  the  same  manner,  if  a  pillar  of  any  substance  be  con- 
ceived to  be  suspended  by  one  extremity,  there  is  a  certain  length  of  every  substance 
sufficient  by  its  own  weight  to  snap  such  a  pillar  at  its  upper  part.  There  is  a  certain 
height  beyond  which  trees  of  each  particular  kind  of  wood  cannot  rise,  owing  to  their 
own  weight  proving  too  great  for  the  lower  part  of  the  trunk  to  sustain  it  without  being 
crushed.  In  like  manner,  animals  cannot  exceed  that  size  the  weight  of  which  can  be 
sustained  by  the  strength  of  their  textures.  Animals  of  much  greater  size  can  exist  in 
water  than  on  land,  since  the  movements  of  the  parts  are  sustained  by  the  superior 
elasticity  of  the  water  over  air. 

"We  find  physiologists  laying  it  down  as  impossible  for  human  beings  to  have  existed 
on  the  earth  of  very  great  superior  stature  to  the  height  of  men  in  general.  The  argu- 
ment proceeds  on  the  assumption  that  the  component  textures  of  a  human  body  could 
not  have  been  much  stronger  than  those  of  the  present  race  of  men.  If  this  be  admitted, 
it  follows  that,  under  any  considerable  increase  in  the  bulk  and  the  weight  of  the  body, 
the  textures  would  have  been  torn  asunder  in  the  ordinary  movements  of  the  frame. 
In  correspondence  with  these  views  is  the  speculation  dwelt  on  by  some  writers  on 
astronomy,  that  if  himian  beings  exist  in  the  planet  Jupiter  they  must  be  of  very 
diminutive  stature,  since,  owing  to  the  enormous  mass  of  that  planet,  the  force  of  gravi- 
tation at  its  surface  very  far  exceeds  that  force  at  the  surface  of  our  earth.  On  the 
contrary,  that  if  human  beings  exist  on  some  of  the  more  recently  discovered  asteroids, 
such  as  Ceres  and  Vesta,  the  mass  of  which  is  insignificant  as  compared  to  the  earth, 
they  may  be  of  the  most  gigantic  height,  even  one  hundred  feet  high,  without  expe- 
riencing any  more  difficulty  in  moving  about  the  surface  of  their  planet,  than  man 
finds  in  moving  on  the  earth. 

Heaty  Light,  and  Electzlcity.— The  effects  of  heat,  light,  and  electricity  on 
the  properties  of  matter,  are  so  numerous,  and  ponderable  matter  affects  these  agents 
in  so  many  ways,  that  no  description  of  them  can  be  given  without  discussing  the 
laws  of  these  marvellous  agents  of  the  creation,  and  we  must  therefore  reserve  these 
interesting  topics  for  our  separate  essays  on  Heat,  Light,  and  Electricity. 
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MEGHANTCAii  pHtLosoPffT  IS  that  brflnch  of  Nfltnral  Philoaophf  which  inTCflti^tcs  the 
laws  that  gOTem  the  action  of  force  on  matter.  By  the  application  of  the  purely 
mathematical  sciences  to  a  few  general  rcsnltSj  enggfiflted  by  eipDriment  and  nniTersal 
experience,  we  <ieinotistrate  these  Lawis  in  their  highest  degr<>e  of  generalbatioTij  and 
under  all  the  various  conditions  in  which  ferce  can  produce  on  effect  on  matter. 

As  we  have  previously  ahoim,  m  our  treatise  on  the  Properties  of  Jfatter,  matter 
may  exist  in  three  states— the  solid,  liquid,  and  aeriform.  Force  we  have  defined  to 
be  that  whicli  either  produces,  or  tends  to  produce,  the  motion  of  matter.  Force  may 
therefore  be  considered  in  relation  to  its  effects  on  these  three  conditions  of  matter. 

When  forces  produce  the  rest  or  equilibrium  of  the  body,  or  system  of  bodies  to 
which  they  are  applied,  we  have  the  three  following  distinct  subjects : — 

1.  Statics, — the  rest,  or  equilibrium  of  solid  bodies  under  the  influence  of  forces. 

2.  Htdkostatics, — the  rest,  or  equilibrium  of  Jkiid  bodies  under  the  influence  of 
forces. 

3.  A£BOSTATic8,-^the  rest,  or  equilibrium  of  aeriform  bodies  iinder  the  Influence  of 
forces. 

When  motion  is  the  result  of  the  application  of  forces  to  these  conditions  of  matter, 
we  have  then  these  three  subjects : — 

1.  Dynamics, — ^the  motion  of  solid  bodies  produced  by  the  influence  offerees. 

2.  HYDnoDYNAMics, — ^the  motion  ot fluid  bodies  produced  by  the  influence  of  forces. 

3.  Aebodynamics,  or  Pneumatics, — ^the  motion  of  aeriform  bodies  produced  hj  the 
influence  offerees. 


NATURAL  PHILOSOPHY.— No.  II. 
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34      MATERIAL   PAETICLE — EIGID  BODY  AND  TRANSMISSION  OF  FORCE. 

STATICS. 

That  branch  of  mechanical  philosophy  which  treats  of  the  rest,  or  eqtdlibrium  of 
soUd  bodies,  when  under  the  action  of  any  forces,  is  called  Statics.  Statics  is  derived 
from  a  Greek  word,  <rraTt/nj,  the  science  of  weight. 

MEaterial  PaiUcle.— The  smallest  portion  into  which  any  solid  body  can  be  con- 
ceived to  be  divided  by  any  means  whatever,  we  call  a  Material  Particle.  This  material 
particle  is  an  abstract  mental  conception,  altogether  independent  of  any  theoides  of  the 
ultimate  division  of  matter,  and  does  not  therefore  correspond  with  the  atom  diaeussed 
in  the  properties  of  matter.  The  material  particle  is  a  mere  geometrical  point,  which 
we  conceive  destitute  of  every  property  save  one — ^that  of  being  set  in  motion,  or 
brought  to  rest  under  the  influence  of  forces  which  are  supposed  to  act  upon  it.  It  is 
conceived  to  be  destitute  of  form  or  sensible  magnitude. 

Rigid  Body.— A  rigid  body  is  a  collection  or  assemblage  of  a  number  of  material 
particles,  held  together  in  an  invariable  form,  by  forces  of  such  intensity,  that  no  con- 
ceivable force  is  supposed  to  be  capable'of  altering  the  form  of  the  body,  or  disturbing 
the  position  of  any  of  its  particles. 

This  rigid  body  is  also  a  mental  abstraction,  having  no  representatiTe  in  nature. 
No  material  solid,  with  which  we  are  acquainted,  is  perfectly  rigid,  though  the  unknown 
molecular  forces,  which  hold  the  particles  of  most  solid  bodies  together,  are  so  great, 
that  for  many  practical  purposes  we  may  regard  them,  within  certain  Hmits,  as  rigid. 
The  various  solid  bodies  which  occur  in  nature,  though  differing  from  on6  another  by 
many  properties,  seem  to  possess  one  property  in  common — that  of  being  able  to  trans- 
mit any  force  applied  to  any  one  of  their  particles,  unimpaired  in  intensity,  through  all 
the  particles  of  their  substance,  which  are  in  the  same  straight  line  with  the  direction 
of  the  application  of  the  force.  Experiment  shows  that  most  solid  bodies  possess  this 
property  more  or  less ;  it  is  this  which  distinguishes,  in  a  great  measure,  soHda  from 
fluids,— any  force  applied  to  a  particle  of  a  fluid  being  conveyed  through  every  par- 
ticle throughout  its  substance  in  every  direction. 

This  property,  which  natural  solid  bodies  possess  more  or  less,  we  shall  assume  our 
rigid  body  to  possess  perfectly ;  and  this  will  enable  us  to  enunciate  a  principle  upon 
which  the  whole  science  of  Statics  may  be  said  to  depend. 

Principle  of  tlie  Txansmission  of  Force.— When  a  force,  acting  in  combina- 
tion with  others,  holds,  s^  rigid  body  in  equilibrium,  the  equilibrium  of  the  body  will 
not  be  disturbed  if  we  transfer  the  point  of  application  of  the  force  to  any  other  point 
whatever  in  the  line  in  which  the  force  is  acting. 

Upon  this  one  assumption,  suggested  by  nature  and  experiment,  together  with  the 
abstract  idea  of  the  nature  of  force  as  capable  of  producing  motion,  and  the  idea 
already  defined  pf  a  rigid  body,  the  whole  science  of  Statics  can  be  built  up  without 
any  further  reference  to  nature  or  experiment.  We  must  bear  in  mind,  however,  when 
we  apply  the  conclusions  to  whiol^L  the  science  of  Statics  leads  us,  that  these  conclusions 
will  only  hold  true,  for  the  solid  bodies  of  nature,  so  far  as  they  possess  the  properties 
of  perfect  rigidity,  and  the  perfect  transmission  of  force.  Within  these  limits  we  may 
apply  our  science  to  the  action  of  forces  on  natural  bodies  with  accuracy. 

StaticB  an  Abetvact  Science- Statics  is  an  abstract  mathematical  science,  and 
many  of  its  results  cannot  be  directly  confirmed  by  experiment.  Thus  one  of  the 
simplest  propositions,  which  we  shall  hereafter  prove,  is,  that  if  two  weights,  P  and  Q, 
be  suspended  from  the  extremities  of  a  rigid  rod,  A  B,  resting  on  the  sharp  edge  of  a 
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support  at  P,  the  weights  P  and  Q  wiU  balance  one  anoOier,  and  the  rod  A  B  iriU  be 
in  a  state  of  equiUbrium,  provided  A  F  be  aa  many  inches  in  length  as  Q  is  ounces  in 
weight,  and  F  B  as  many  inches  in  length  as  P  is  ounces  in  weight.    This  proposition 

cannot  be  prored  by  experiment,  since  it 
is  only  true  on  the  supposition  that  A  B  is 
destitute  of  wei|^t,  and  no  bar,  whose 
weight  is  inappreciable,  can  be  found 
sufliciently  rigid  to  support  the  weights 
P  and  Q  however  small,  and  still  romain 

that  of  the  shaip  edge  at  F.  It  is  true 
that  another  proposition  of  Statics  would 
enable  us  to  take  into  account  the  weight 
ofthebarAB. 

If  the  bar  A  B  wero  uniform  throughout  in  thickness  and  material,  the  bar  would 
balance  itself  on  the  edge  F,  provided  a 
weight  qj  equal  the  weight  of  the  por- 
tion of  the  bar  A  F,  was  suspended  £rom 
the  point  b,Fb  being  equal  the  half  of 
AF ;  and  a  weight,/),  equal  the  weight  of 
the  portion  of  the  bar  F  B,  suspended  from  o.  Fa  being  equal  the  half  of  B  F. 

Supposing  the  difficulty  of  the  weight  of  the  bar  thus  obviated,  thero  would  still 
remain  another  difficulty  in  the  way  of  a  perfect  experimental  proof  of  our  simple  pro- 
position. According  to  theoiy,  the  slightest  additional  weight,  added  to  either  of  the 
weigfaits  P  or  Q,  ought  to  destroy  the  equilibrium  of  the  bar  A  B,  and  alter  its  perfectly 
horizontal  position.  But  this  supposes  that  the  edge  of  the  support  F  will  exercise  no 
friction  on  the  surface  of  the  rod  A  B.  By  a  proper  choice  of  materials,  for  the  rod  and 
the  support,  and  also  of  the  angle  of  the  edge  of  the  support,  this  friction  may  be  con- 
siderably diminished,  but  it  can  never  be  absolutely  destroyed.  If  we  could  succeed 
in  fulfilling  aU  the  conditions  we  have  indicated  as  necessary  for  the  experimental  proof 
of  the  very  simple  proposition  of  ouz  science,  which  we  have  enunciated,  we  should  be 
able  to  construct  a  perfect  balance.  That  these  difficulties  are  real,  and  not  merely  ima- 
gimuy,  is  proved  by  the  fact  that  a  balance,  sufficiently  sensitive  and  accurate  to  supply 
the  wante  of  the  modem  analytical  chemist,  is  a  very  expensive  instrument,  and  ro- 
quires  groat  skill  and  accuracy,  as  well  as  scientific  knowledge,  for  its  oonstructi<HL 
^  Though  we  cannot  appeal  to  experiment  for  a  rigid  proof  of  our  propositions,  if  we 
make  the  necessary  allowances  for  the  difference  between  the  bodies  on  which  our 
experimente  are  conducted,  and  the  imaginary  bodies  which  our  science  supposes  per- 
fectly rigid,  and  so  forth,  carofol  experiments  will  serve  not  only  to  give  us  clearer  views 
of  our  science,  but  also  to  confirm  our  confidence  in  our  abstract  roasonings,  by  the 
approximate  coincidence  of  our  experimental  results  with  our  theoretical  conclusions. 
Thus,  if  in  the  experiment  before  alluded  to,  we  make  the  necessary  allowance 
for  the  weight  of  the  bar,  by  applying  the  small  weighte  p  and  q  to  the  points  a  and  by 
our  experiments  will  approximate  to  the  theoretical  proposition  in  proportion  as  the 
friction  of  F  on  the  bar  is  diminished,  and  the  bar  A  B  is  perfectiy  straight  and  accu- 
rately divided  at  the  points  a  and  b. 

Rest  or  Equilibxium.—Having  defined  a  material  particle  and  a  rigid  solid 
body,  and  their  theoretical  properties  and  condition^  wo  must  next  consider  what  we 
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mean  by  their  rest  or  motion.  We  say  that  a  body  or  a  particle  is  in  motion  vhen  we 
perceive  the  body  or  particle  to  change  its  position,  and  that  it  is  at  rest  when  it  does 
not  change  its  position.  This  clearly  implies,  however,  that  we  have  some  means  of 
measuring  this  alteration  or  change  of  position,  by  reference  to  other  bodies  which  we 
conceive  to  be  at  rest.  Hence  it  happens  that  what  we  suppose  to  be  rest  and  motion, 
are  generally  only  apparent  rest  and  motion,  and  that  there  is  no  subject  on  which  our 
senses  more  frequently  lead  us  to  form  erroneous  conclusions  than  when  we  attempt  to 
discriminate  the  real  or  absolute  rest  and  motion  of  objects  from  their  apparent  rest  or 
motion.  When  we  see  a  body  change  its  position  relatively  to  other  bodies,  we  cannot  tell 
whether  the  body  which  seems  to  move  really  does  so  or  not,  till  we  know  whether  the 
bodies  relatively  to  which  it  appears  to  change  its  position,  are  themselves  in  a  state  of 
rest,  or  whether  they  are  all  moving  together.  It  may  so  happen  that  the  bodies  may 
be  moving,  though  we  are  ourselves  unconscious  of  their  motion,  and  in  this  case  the 
body  which  apparently  moves  may  be  really  at  rest.  Instances  of  this  kind  are  of  daily 
occurrence.  A  person  on  board  ship,  where  his  own  body,  as  well  as  all  the  surround- 
ing parts  of  the  ship  are  apparentiy  at  rest,  sees  all  the  objects  which  the  ship 
passes,  carried,  as  it  were,  past  him  with  great  velocity ;  and  were  he  not  conscious, 
from  other  considerations,  that  the  ship  on  which  he  stands  was  really  in  motion,  he 
would  have  some  difficulty  in  conceiving  that  the  apparent  motion  of  the  stationary 
objects  the  ship  passes  by,  was  not  real  instead  of  imaginary.  This  is  strikingly  illus- 
trated by  looking  out  of  a  railway  carriage,  whenmoving  quickly ;  theobjects,  such  as  trees 
and  houses,  near  the  carriage,  are  apparentiy  carried  by  the  window  with  great  rapidity, 
while  those  at  a  greater  distance  seem  to  pass  more  slowly.  If,  while  waiting  at  a 
station,  a  train  passes  slowly  by,  it  is  often  very  difficult  to  tell  whether  the  train  in 
which  we  are  seated  is  at  rest  or  in  motion,  unless  we  correct  our  impression  by  looking 
out  of  the  opposite  window,  where  we  can  compare  the  position  of  the  train  with  the 
fixed  objects  of  the  station. 

Apparent  Rest  or  Motion  of  Heavenly  BodioB. — ^A  popular  knowledge  of 
astronomy  is  now  so  common,  that  we  have  no  difficulty  in  persuading  persons  that  the 
apparent  motion  of  the  sun  and  stars  in  the  heavens  is  not  real.  Yet  this  is  a  fact 
which  can  only  be  demonstrated  by  a  long  course  of  intricate  reasoning,  founded  on  an 
immense  number  of  careful  observations. 

To  an  ordinary  observer,  the  vault  of  heaven,  studded  with  stars,  appears  to  revolve 
round  an  imaginary  axis,  while  the  earth  seems  perfectiy  at  rest ;  each  of  the  fixed 
stars  describes  a  circle  which  brings  it  back  to  the  position  in  which  it  was  first  observed 
in  an  invariable  interval  of  about  23  hours  56  minutes.  What  are  called  the  fixed  stars 
seem  all  to  move  together  with  the  vault  of  heaven,  and  never  to  change  their  relative 
positions  with  respect  to  one  another.  The  planets  and  comets,  as  well  as  the  sun 
and  moon,  have  an  apparent  motion  among  the  fixed  stars.  In  the  case  of  the  planets, 
comets,  and  moon,  this  apparent  'motion  is  exceedingly  complex.  Sometimes  a  planet 
wiU  appear  to  move  forward  with  great  rapidity  among  the  stars  of  a  constellation ; 
then  it  will  come,  as  it  were,  to  a  stand  still,  remain  some  time  at  rest,  and  then  move 
backward.  Ancient  astronomers  were  well  acquainted  with  the  phenomena  of  real  and 
apparent  motion,  yet  after  centuries  of  painful  research,  and  the  invention  of  most 
complicated  motions,  to  account  for  the  apparent  paths  of  the  planets  on  the  vault  of 
heaven,  without  avail,  it  was  reserved  for  the  genius  of  Copemicus-and  Kepler  to 
resolve  these  motions  into  simpler  ones,  on  the  simple  hypothesis  that  all  the  planets 
were  moving  round  the  sun  in  orbits  nearly  elliptical,  and  never  at  rest. 
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Astronomy  teaches  us  that  every  object  on  the  earth's  surface  which  appears  to  us 
at  rest,  is  really  subject,  along  with  the  earth  on  which  it  is  placed,  to  two  motions ; 
one  by  which  it  is  carried  round  the  earth's  axis  by  its  diurnal  rotation,  and  another 
by  which  it  describes  the  earth's  orbit  round  the  sun  in  a  year. 

From  these  considerations  it  appears  that  there  can  be  no  absolute  rest  for  any 
particle  of  matter  by  which  we  are  surrounded,  that  perpetual  motion  is  the  real  con- 
dition of  all  material  objects,  and  that  when  we  apply  the  reasonings  and  principles  of 
the  science  of  statics  to  nature,  it  is  the  apparent  and  not  real  rest  of  bodies  to  which 
we  must  have  regard. 

In  the  application  of  the  principles  and  conclusions  of  statics  to  nature,  we  may 
consider  the  earth  as  absolutely  fixed  and  at  rest,  and  neglect  its  real  motion  without 
introducing  any  sensible  error  into  our  experiments.  According  to  the  law  of  inertia, 
considered  in  the  ''  Properties  of  Matter/'  all  the  bodies  on  the  earth  will  partake  of 
the  earth's  motion,  and  we  know  of  no  force  which  will  deprive  them  of  this  motion ; 
if,  therefore,  any  forces  produce  the  relative  motion  or  rest  of  a  terrestrial  body,  com- 
pared with  bodies  fixed  with  regard  to  the  earth,  that  relative  rest  or  motion  will  be  the 
same  whether  the  earth  be  really  at  rest  or  in  motion.  A  £imiliar  instance  may  make 
this  assertion  clear.  If  a  ship  under  the  influence  of  steam  and  tide  be  moving  rapidly 
through  smooth  water,  all  mechanical  powers,  such  as  blocks  and  pullies,  the  wind- 
lass, and.  aU  the  parts  of  the  most  complicated  steam-engine,  will  act  under  precisely 
the  same  circumstances,  exert  the  same  forces,  be  brought  to  a  state  of  apparent  rest  or 
motion  compared  with  the  ship  as  a  fixed  object,  whether  the  ship  be  at  rest  or  in 
motion.  A  game  of  biUiards,  which  requires  considerable  practical  skill  in  mechanical 
science,  may  be  played  in  the  cabin  of  a  ship  without  the  players  being  aware  whether 
the  ship  is  at  rest  or  in  motion.  Though,  with  respect  to  the  earth,  the  balls,  which 
were  apparently  at  rest  while  the  ship  was  moving,  would  be  in  reality  not  at  rest,  but 
moving  with  the  ship. 

Keasuxe  of  Fovce— IlynamometerB.— We  regard  all  forces  as  equal  which 
produce  the  same  mechanical  effects,  and  in  statics  we  consider  forces  as  equal,  which 
produce  the  same  effects,  when  applied  in  a  similar  manner,  in  bringing  a  body  into  a 
state  of  equilibrium.  Instruments,  by  means  of  which  these  effects  are  estimated,  are 
called  dynamometers,  or  force  measurers. 

A  very  simple  dynamometer  consists  of  a  thin  flat  bar  of  steel,  ABC,  bent  into  an 
angle  at  B,  and  properly  tempered,  so 
that  if  any  force  be  applied  at  A  and  C, 
to  bring  the  extremities  nearer  together, 
the  force  of  elasticity  of  the  steel  will 
cause  the  extremities,  A  and  C,  to  resume 
their  position  as  soon  as  the  forces  are 
removed.  The  greater  the  forces  applied 
to  A  and  C,  the  nearer  these  extremities  of  the  bar  will  be  brought  to  one  another.  To 
measure  this  effect,  a  circular  arc  of  metal,  A  C  D,  is  fixed  perpendicularly  to  the 
surface  of  the  steel  bar  at  A,  passing  freely  through  an  opening  in  the  other  extremity 
of  the  bar  at  C.  Another  arc,  C  A  E,  is  similarly  fixed  at  C,  passing  through  an 
opening  at  A.  Eings  are  fixed  at  D  and  E  for  the  convenient  application  of  forces 
whose  effects  are  to  be  estimated ;  and  one  of  the  arcs,  A  D,  is  graduated  by  a  number 
of  equal  divisions. 

If  the  extremity  E  of  the  dynamometer  be  fixed  to  a  beam,  and  a  weight,  P,  hung 
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from  the  ring  at  D,  the  graduated  arc  will  show  the  statical  eflfects  of  the  weight  P  in 

bringing  the  dynamometer  to  a  state  of 

rest,  with  the  extremities  of  the  bent  bar 

nearer  to  each  other  than  they  were 

before  the  application  of  the  weight  P. 

If,  instead  of  applying  a  weight  P,  we 

pull  with  our  hand  a  string  attached  to 

D,  till  we  bring  the  graduated  part  of 

the  arc  at  A  to  the  same  division,  to  g 

which  the  weight  P  brought  it,  we  pro- 
duce with  our  hand  a  similar  statical 

effect  to  that  produced  by  the  weight. 

We  therefore  conclude  that  the  forces 

exerted  by  the  weight  and  by  the  hand 

are  equal  to  one  another,  though  they 

are  evidently  forces  of  a  very  different 

character,  the  force  of  the  weight  being 
produced  by  the  earth's  attraction  for  the  particles  of  matter  of  which  it  is  composed, 
and  the  force  exerted  by  the  arm  being  derived  from  the  contractions  of  the 
muscular  fibres  of  the  muscles  of  the  arm,  due  to  some  force  which  we  call  the 
muscular  force,  of  the  nature  of  which  we  are  perfectly  ignorant. 

There  are  many  other  dynamometers  besides  that  just  described,  such  as 
one  in  which  the  statical  effects  of  a  force  causing  a  spiral  spring  of  wire 
contained  in  a  metal  cylinder  to  be  compressed,  is  measured  on  a  graduated 
rod,  as  in  the  accompanying  figure.  The  various  kinds  of  balances  and  steel 
yards,  which  will  be  described  hereafter,  are  aU  dynamometers. 

Unit  of  Force.— The  experiment  on  the  dynamometer,  just  described, 
would  lead  us  to  infer,  what  is  found  to  be  true  in  practice,  that  weight  is  the 
most  convenient  measure  of  force  which  we  can  adopt  in  statics.  We  say  that 
a  force  of  ten  or  twelve  pounds  is  exerted  on  a  body,  if  the  force  produces 
the  same  statical  effect  on  the  body  which  a  weight  of  ten  or  twelve  pounds 
applied  in  a  similar  way  would  produce.  The  unit  of  force  generally  adopted 
in  this  coimtry  is  that  called  a  pound  weight.  But  here  we  may  be  met  with 
the  inquiry,  what  is  a  pound  weight  ?  This  is  a  very  important  question, 
and  has  been  determined  by  legislative  enactment,  after  careful  deliberation, 
and  the  report  of  a  scientific  commission  appointed  for  the  consideration  of 
the  difficult  subject  of  standard  weights  and  measures. 

Pounds  Troy  and  Avoizdupois.—By  the  Act  of  Parliament  (5th 
George  IV.,  c.  74,  passed  in  the  year  1824,  sections  4  and  5,)  it  is  enacted — 
"  That  from  and  after  the  first  day  of  May,  1825,  the  standard  brass  weight  of  one 
pound  troy  weight,  made  in  the  year  of  1758,  now  in  the  custody  of  the  clerk  of  the 
House  of  Commons,  shall  be,  and  the  same  is  hereby  declared  to  be,  the  original  and 
genuine  standard  of  measure  of  weight,  and  that  such  brass  weight  shall  be,  and  is 
hereby  declared  to  be,  the  original  and  genuine  standard  measure  of  weight,  and  that 
such  brass  weight  shall  be  and  is  hereby  denominated  the  Imperial  Standard  Troy 
Pound,  and  shall  be,  and  is  hereby  declared  to  bo,  the  unit  or  only  standard  measure  of 
weight  from  which  all  other  weights  shall  be  derived,  computed,  and  ascertained,  and 
that  one  twelfth  part  of  the  said  ttoy  pound  shall  be  an  ounce,  and  that  one  twentieth 
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part  of  such  ounce  'shall  be  a  pennyweight,'^and  that  one  twenty-fourth  part  of  such 
pennyweight  shall  be  a  grain ;  so  that  6760  such  graina  shall  be  a  troy  pound,  and  that 
7000  such  grains  shall  be,  and  they  are  hereby  declared  to  be,  a  pound  avoirdupois,  and 
that  one  sixteenth  part  of  th6  said  pound  avoirdupois  shall  be  an  ounce  avoirdupois, 
and  that  one  sixteenth  part  of  such  ounce  shall,be  a' dram,  -  "..  ^r:;, 

''And  whereas  it  is  expedient  that  the  said  standard  troy  pound,  if  lost,  destroyed, 
dofiwsed,  or  otherwise  injured,  should  be  restored  of  the  same  weight  by  reference  to 
some  invariable  natural  standard ;  and  whereas  it  has  been  ascertained  by  the  com- 
missioners appointed  by  his  Majesty  to  inquire  into  the  subject  of  weights  and  measures, 
that  a  cubic  inch  of  distilled  water  weighed  in  air  by  brass  weights  at  the  temperature 
of  62  degrees  of  Fahrenheit's  thermometer,  the  barometer  being  at  30  inches,  is  equal 
to  252  grains,  and  456  thousandth  parts  of  a  grain,  of  which,  as  aforesaid,  the  Imperial 
Staadaid  Troy  Pound  contains  5760 :  Be  it  therefore  enacted,  that  if  at  any  time 
hereafter  the  said  Imperial  Troy  Pound  shall  be  lost,  or  shall  in  any  manner  be 
destroyed,  defaced,  or  otherwise  injured,  it  shall  and  may  be  restored  by  making,  under 
the  directioii  of  the  Lord  High  Treasurer,  or  the  Commissioners  of  His  Majesty's 
Treasury  of  the  United  Kingdom  of  Great  Britain  and  Ireland,  or  any  three  of  them  for 
the  time  being,  a  new  standard  troy  pound,  bearing  the  same  proportion  to  the  weight 
of  a  cubic  inch  of  distilled  water,  as  the  said  standard  pound  hereby  established  bears 
to  such  cubic  inch  of  water." 

From,  this  Act  of  Parliament  it  appears  that  the  troy  pound  is  a  certain  arbitrary 
piece  of  brass  which,  weighed  in  air  at  a  temperature  of  62**  Fahrenheit,  the  mercury  in 
the  barometer  standing  at  a  height  of  30  inches,  is  equal  to  the  weight  of  22  cubic  inches, 
and  815  thousand  parts  of  a  cubic  inch  of  distilled  water.  Distilled  water  is  therefore 
the  natural  standard  to  which  the  unit  of  weight  is  ultimately  referred.  This  standard, 
however,  is  referred  to  a  cubic  inch,  or  a  volume  of  water  an  inch  in  height,  an  inch 
in  breadth,  and  an  inch  in  depth.  We  must,  therefore,  have  some  standard  measure  of 
length. 

Ifnit  c£  Xiengtb- — The  Act  of  Parliament  just  cited  has  also  determined  the 
standard  unit  of  the  measure  of  length.  By  the  first  section  of  that  act,  it  is  enacted 
— "  That  from  and  after  the  Ist  day  of  May,  1825,  the  straight  line,  or  distance  between 
the  centres  of  the  two  points  in  the  gold  studs  in  the  straight  brass  rod,  now  in  the 
custody  of  the  clerk  of  the  House  of  Commons,  whereon  the  words  and  figures,  *  Stan- 
dard yard  1760'  are  engraved,  shall  be,  and  the  same  is  hereby  declared  to  be,  the 
original  and  genuine  standard  of  that  measure  of  length  or  lineal  extension  called  a 
yard,  and  that  the  same  straight  line  or  distance  between  the  centres  of  the  said  two 
points  in  the  said  gold  studs  in  the  said  brass  rod,  the  brass  being  at  the  temperature 
of  62  degrees  by  Fahrenheit's  thermometer,  shall  be  and  is  hereby  denominated  the 
*  Imperial  Standard  Yard,'  and  shall  be,  and  is  hereby  declared  to  be,  the  unit  or  only 
standard  measure  of  extension,  wherefrom  or  whereby  all  other  measures  of  extension 
whatsoever,  whether  the  same  be  lineal,  superficial,  or  solid,  shall  bo  derived,  computed, 
or  ascertained ;  and  that  aU  measures  of  length  shall  be  taken  in  parts  or  multiples,  or 
certain  proportions  of  the  said  standard  yard;  and  that  one  third  part  of  the  said 
standard  yard  shall  be  a  foot,  and  the  twelfth  part  of  such  foot  shall  be  an  inch,  and 
that  the  pole  or  pereh  in  length  shall  contain  5  such  yards  and  a  half,  the  furlong  220 
such  yards,  and  the  nule  1760  such  yards. 

"  And  whereas  the  said  standard  yard,  if  lost,  destroyed,  defaced,  or  otherwise 
injured,  should  be  restored  of  the  same  length  by  reference  to  some  invariable  natural 
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standard ;  and  whereas  it  ha  been  aficertained,  by  the  commissioners  appointed  by  his 
Majesty  to  inquire  into  the  subject  of  weights  and  measures,  that  the  said  yard  hereby 
declared  to  be  the  Imperial  Standard  Yard,  when  compared  with  a  pendulum  vibrating 
seconds  of  mean  time  in  the  latitude  of  London,  in  a  vacuum  at  the  level  of  the  sea,  is 
in  the  proportion  of  36  to  39  inches,  and  1393  ten  thousandths  part  of  an  inch :  Be  it 
therefore  enacted  and  declared,  That  if  at  any  time  hereafter  the  said  imperial  standard 
yard  shall  be  in  any  manner  destroyed,  defaced,  or  otherwise  injured,  it  shall  and  may 
be  restored  by  making,  imder  the  direction  of  the  Lord  High  Treasurer,  or  the  Com- 
missioners of  His  Majesty's  Treasury  of  the  United  Kingdom  of  Great  Britain  and 
Ireland,  or  any  three  of  them,  for  the  time  being,  a  new  standard  yard  bearing  the  same 
proportion  to  such  pendulum  as  aforesaid,  as  the  said  imperial  standard  yard  bears  to 
such  pendulum." 

Unit  of  Time. — Time  is  the  ultimate  natural  standard  to  which'  all  measures  of 
length,  weight,  and  capacity  are  referred  in  this  kingdom.  Time  certainly  is  one  of 
the  most  convenient  and  perhaps  the  only  natural  standard  to  which  we  can  have 
recourse  to  fix  with  scientific  accuracy  our  units  of  measurement.  The  value  of  time 
in  this  respect  depends  upon  the  fact  deduced  by  astronomers,  from  observations 
collected  and  registered  for  many  centuries,  that  the  mean  length  of  day  and  night  is 
invariable ;  in  other  words,  that  the  earth  always  completes  its  rotation  on  its  axis  in 
the  same  period  of  time.  This  portion  of  time  is  obtained  by  observing  the  period 
which  elapses  between  the  passage  of  a  fixed  star  over  a  certain  imaginary  line  in  the 
heavens,  called  the  meridian  of  the  place  of  observation,  and  its  next  appearance  on  this 
line,  and  is  called  a  sidereal  day.  The  sidereal  day  is  divided  into  twenty-four  hours, 
each  hour  into  sixty  minutes,  and  each  minute  into  sixty  seconds.  A  clock  is  an  instru- 
ment for  measuring  time,  and  is  set  in  motion  by  a  weight ;  its  motion  is  regulated  by 
the  vibrations  of  a  pendulum,  and  the  number  of  its  vibrations  are  registered  by  means 
of  a  series  of  wheels,  and  indicated  on  the  graduated  face  of  the  clock  by  the  motion  of 
hands  or  pointers.  The  length  of  the  pendulum  is  so  regulated  that  its  time  of  vibra- 
tion may  be  as  nearly  as  possible  one  second,  and  these  vibrations  being  registered  by 
the  clock,  if  the  dock  indicates  that  24  hours,  or  24  X  60  X  60,  or  86400  seconds  have 
elapsed  between  one  transit  of  the  star  over  the  meridian  and  another,  the  clock  is  said 
to  be  correct,  and  will  afford  us  an  accurate  measure  of  sidereal  time.  Such  a  clock  is 
called  a  sidereal  clock,  and  is  one  of  the  most  valuable  and  useful  instruments  in  an 
observatory.  Sidereal  time  is  not,  however,  the  time  used  for  the  ordinary  transactions 
of  life.  The  true  solar  day  is  the  interval  which  elapses  between  one  passage  of  the 
sun  over  the  meridian  and  another,  as  shown  by  a  dial  or  other  means  of  astronomical 
observation ;  this  day  is  not  invariable  in  length, .  but  changes  fix)m  day  to  day,  being 
sometimes  longer  and  sometimes  shorter.  To  avoid  this  inconvenience,  a  mean  solar  day 
is  chosen  by  the  supposed  revolution  of  a  fictitious  sun,  which  shall  be  invariable  in 
length ;  and  this  time  is  divided  into  24  hours,  and  these  hours  into  minutes  and  seconds, 
as  in  the  case  of  the  sidereal  day.  This  mean  solar  day  is  the  time  used  for  the  ordinary 
or  civil  reckoning  of  time.  What  is  called  the  equation  of  time,  is  an  astronomical 
calculation,  which  shows  the  difference  between  the  time  shown  by  the  dial  or  the  true 
solar  time,  and  that  indicated  by  the  ordinary  clocks,  which  show  the  mean  solar  or 
civil  measure  of  time.  The  sidereal  day  is  23  hours,  56  minutes,  4  seconds,  and  9  hun- 
dredths of  a  second  of  a  mean  solar  day,  and  the  mean  solar  day  is  24  hours,  3  minutes^ 
56  seconds,  and  55  hundredth  parts  of  a  second  of  a  sidereal  day.  The  pendulum 
vibrating  seconds,  from  which,  by  Act  of  Parliament,  the  standard  measure  of  length, 
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if  lost,  is  to  be  obtained,  ia  to  be  a  pendulum  Tibrating  a  second  of  mean  solar  time 
under  the  conditionB  specified  in  the  act.    So  great,  however,  are  the  scientific  and 
mechanical  difficulties  to  be  overcome  in  determining  accurately  the  length  of  this 
second's  pendulum,  that  though  the  standard  yard  was  so  injured  by  the  fire  when  the 
houses  of  Parliament  were  bxunt  down  in  1834,  and  the  standard  pound  troy  altogether 
lost,  no  attempt  has  been  made  to  restore  the  lost  standards.    The  last  scientific  com- 
mission seems  to  have  considered  the  attempt  to  do  so  altogether  hopeless.   Fortunately, 
the  Eoyal  Astronomical  Society  had  a  very  beautiful  scale  constructed  about  the  year 
1832,  and  three  feet  of  this  scale  were  compared  many  hundreds  of  times  with  the 
Parliamentary  standard,  and  this  scale  must  now  be  considered  the  scientific  English 
I  standard,  and  the  best  evidence  of  the  parliamentary  standard  which  exists.    There  is 
i  also  great  doubt  as  to  the  accuracy  of  Captain  Eater's  determination  of  the  length  of 
I  the  second's  pendulum  which  is  adopted  by  the  Act  of  Parliament ;  so  that  if  the  standard 
were  to  be  restored  according  to  that  act,  it  would  probably  differ  from  the  lost  standard 
;  (Bailey's  Report  on  a  Standard  Scale,  Astronom.  Soc.  Mem.,  vol.  ix.)    Two  Acts  of 
i  Parliament,  5  and  6  Wm.  IV.,  c.  63,  and  16  Vic,  c.  29,  June,  1853,  have  been  enacted 
I  since  the  fire,  on  the  subject  of  weights  and  measures ;  but  neither  of  them  notice  the 
!  loss  of  the  standards,  speaking  of  them  as  if  they  were  still  in  existence. 

Frencli  Standazds.— The  French  standturds  are  derived  from  actual  measure- 
ments of  the  earth's  surface.  From,  these  measurements  the  length  of  a  line  drawn 
I  from  the  pole  of  the  earth  to  the  equator  is  deduced.  The  ten-millionth  part  of  this 
I  Hne  is  called  a  metre ;  and  this  is  the  French  standard  of  length.  The  deca-metre  is 
10  metres,  the  hecto-metre  is  100  metres,  the  kilo-metre  1000  metres,  and  the  myria- 
metre  is  10,000 ;  while  the  deci-metre  is  the  10th  part  of  a  metre,  the  centi-metre  the 
100th  part  of  a  metre,  and  the  milli-metre  the  1000th  part  of  a  metre — Greek  prefixes 
being  used  for  the  multiples  of  the  metre,  and  Latin  for  its  parts.  The  gramme,  which 
is  the  standard  of  weight,  is  derived  from  the  standard  of  length,  and  is  equal  to  the 
weight  of  a  cubic  centimetre  of  distilled  water,  weighed  at  the  freezing  point.  The 
same  prefixes  are  used  before  the  gramme,  which  are  added  to  the  metre  to  express  its 
multiples  and  parts.  Thus  a  kilo-gramme  is  a  1000  grammes,  and  a  nulli-gramme  the 
1000th  part  of  a  gramme. 

The  metre  is  equal  to  3*280899  English  feet,  and  the  kilo-gramme  is  equal  to 
3*204597  pounds  avoirdupois. 

Preasiue  and  Tensioa.— When  a  material  body  is  in  a  state  of  equilibrium 
under  the  influence  of  forces,  the  forces  applied  to  the  body  may  either  have  a  tendency 
to  press  the  particles  of  the  body  or  to  crush  it,  in  which  case  the  forces  are  called 
pressures,  or  they  may  have  a  tendency  to  separate  the  particles  of  the  body  or  tear  it, 
in  which  case  they  are  denominated  tensions.  A  weight  placed  on  a  body  exerts  a 
pressure  on  it.  Two  men  pulling  a  rope,  or  weights  suspended  from  a  rope,  exert  a 
tension  on  the  rope  throughout  its  substance ;  and  if  one  part  of  the  rope  be  weaker 
than  another,  and  the  weight  or  force  be  sufficiently  great,  the  rope  will  break  or  be 
torn  asunder  at  that  part.  The  tie-beams  of  a  roof,  which  prevent  the  weight  of  the 
roof  from  thrusting  the  walls  of  a  building  out  of  the  perpendicular,  are  under  tension, 
while  the  walls  support  the  pressure  of  the  roof.  It  is  of  great -importance,  ipractically, 
to  distinguish  between  pressure  and  tension ;  for  some  substances  will  bear  a  large 
amount  of  pressure  without  injury,  but  will  be  torn  asunder  by  a  far  less  amount 
of  tension. 
I        Flexible  Cosda.— In  theroretical  statics,  as  we  conceive  our  solid  bodies  to  be' 
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perfectly  rigid,  so  we  conceive  the  strings  which  support  our  weights  to  be  perfectly 
flexible,  and  at  the  same  time  perfectly  inextensible.  It  is  needless  to  remark  that  no 
such  cords  or  strings  are  to  be  found  in  nature  ;  but  these  hypothetical  bodies  enable 
us  to  divest  our  problems  of  many  difficulties,  and  to  arrive  at  conclusions  which  may 
afterwards  be  used  in  practice  with  great  accuracy,  when  experiment  has  enabled  us  to 
determine  the  want  of  flexibility  in  the  material  we  use.  For  the  same  reason,  friction, 
or  the  resistance  which  surfaces  not  perfectly  smooth  oppose  to  tho  motion  of  a  body 
over  them,  is  at  first  neglected  in  our  problems. 

Action  and  Reaction.— It  is  an  axiom  of  statics— that  is,  it  is  a  self-evident 
truth,  or  one  which  admits  of  no  other  proof  than  imiversal  experience— that  whatever 
force  one  rigid  body  exerts  upon  another  rigid  body,  the  latter  opposes  that  force  by  an 
equal  force,  which  is  called  its  reaction.     Thus  if  a  . 

beam  of  wood,  B,  standing  upright  on  a  floor,  C,  #^ 

supports  on  one  of  its  extremities  a  501b.  weight,  ^^jf  cS^ 

A,  the  weight  A  will  exert  a  pressure  of  50  lbs., 
acting  downwards,  on  the  beam,  and  the  beam  will 
convey  this  pressure  to  the  floor.  But  the  rigidity 
of  the  beam  opposes  a  force  to  the  weight  which  ^^_,™„,^__ 
prevents  the  weight  from  falling,  or  crushing  the  ^^li^H^j^;^__^ 
beam;  and  thus  a  reaction  equal  to  50  lbs.  is  exerted 
upwards  by  the  beam  upon  the  weight.  Again,  the  beam  presses  on  the  floor  with  its 
own'weight,'in  addition  to  that  of  the  50  lb.  weight ;  and  if  the  floor  be  strong  enough, 
and  of  a  material  sufficiently  rigid  to  prevent  B  sinking  into^  it,  the  floor  will  sustain 
the  pressure  of  A  and  B,  which  acts  downwards ;  but  it  wiQ  re-act  upwards  on  B  with 
a  force  equal  to  the  pressure  B  exerts  upon  it. 

Eqnilibiinm  of  a  Mateiial  Particle.— If  a  material  particle  be  acted  upon  by 
two  forces  which  are  equal  to  one  another,  but  acting  in  opposite  directions  in  the  same 
straight  line,  they  will  neutralise  one  another,  and  the  particle  will  be  at  rest.  This  is 
self-evident,  and  d3pends  upon  our  fundamental  idea  of  the  equality  of  forces.  Sup- 
posing, however,  that  the  two  forces  do  not  act  on  the  particle  in  the  same  straight 
line,  but  in  the  direction  of  straight  lines  inclined  to  one  another  at  some  angle,  in 
what  direction  must  a  force  be  applied  to  the  particle,  and  of  what  magnitude  must  it 
bo,  to  neutralise  the  effect  of  these  two  forces,  both  in  the  case  where  the  two  forces 
are  equal,  and  also  where  they  are  unequal  ?  This  is  one  of  the  most  important,  and 
ndeed  the  fundamental  proposition  of  statics.  Before  we  can  discover  it  we  must 
adopt  some  means  of  representing  forces  and  their  directions. 

Geometrical  Representation  of  Fozces.— If  we  represent  the  material  point 
by  a  geometrical  point  A,  we  may  draw  a  line,  A  P,  to 
represent  the  direction  in  which  a  force,  say  of  P  pounds,  is 
acting  on  the  particle,  and  A  Q  to  represent  the  direction  in 
which  a  force  of  Q  pounds  is  acting  on 
A ;  then  if  we  take  A  P,  P  inches  in  ^^ 

length,  and  AQ,  Q  inches  in  length, 
the  lines  A  P  and  A  Q  wiU  represent  the  fbrces  P  and  Q  acting  on 
A,  both  in  magnitude  and  direction.     Thus  if  two  forces,  one  of 
4  lbs.  and  another  of  3  lbs.,  are  supposed  to  act  on  a  particle  at  right  ^j^    i 


angles,  or  perpendicular  to  one  another,  we  should  represent  them  by  the  lines  A  B,  3 
inches  in  length,  and  A  0,  4  inches  in  length,  drawn  perpendicularly  to  one  another. 
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It  is  not  necessary  to  use  an  inch  as  the  representative  of  a  pound,  or  the  unit  of 
weight.  Any  other  conyenient  measure,  such  as  the  eighth  or  tenth  of  an  inch,  may  be 
used,  if  we  keep  to  the  same  scale  throughout.  It  is  usual  to  indicate  the  direction  in 
which  the  force  acts  by  the  addition  of  an  arrow-head  to  the  line  which  represents  it. 
Resultant. — If  two  forces,  P  and  Q,  represented  in  magnitude  and  direction  by 
the  lines  A  P  and  A  Q,  act  'upon  the  point  A,  so  as  to 
cause  it  to  move,  it  must  begin  to  move  in  some  direc- 
tion. Let  A  R  represent  that  direction.  Now  we  can 
conceive  that  sohie  force^  S,  could  be  applied  to  A  in  the 
opposite  direction  to  A  R,  in  which  A  would  begin  to 
move,  which  would  stop  its  motion  and  keep  it  at  rest. 
Let  A  S  represent  this  force  in  magnitude  and  direction. 
Then  the  particle  A  would  be  kept  at  rest  by  the  three 
forces,  P,  Qy  and  8,  acting  in  the  directions  A  P,  A  Q, 
'  and  A  S.  If,  now,  the  ^line  S  A  be  produced  to  R,  and 
AR  be  taken  equal  to  A  S,  A  R  will  represent  in  magnitude  and  direction  a  force,  R, 
equal  to  S,  which,  if  P  and  Q  were  removed,  would  counteract  the  effect  of  the  force 
represented  by  A  S-  on  A.  A  R,  therefore,  represents  in  magnitude  and  direction  a 
force  which,  would  have  the  same  effect  on  A,  when  it  acted  upon  it  by  itself,  that  the 
forces  represented  by  A  P  and  A  Q  would  have  if  they  both  acted  on  A. 

The  force  R,  represented  by  A  R,  is  called  the  resultant  of  the  fbrces  P  and  Q, 
represented  by  A  P  and  A  Q ;  and  P  and  Q  are  called  the  ttmponenU  of  R. 

Thus,  for^  example,  if  three  perfectly  smooth  pegs,  B,  C,  and  D,  be  inserted  in  a 
board  standing  in  a  vertical  position,  and  three  strings 
be  attached  to  a  point,  or  simply  knotted  together  at  A, 
and  weigiits  of  21b.,  31b.,  and  41b.  fixed  to  their  ex- 
tremities, as  in  the  figure,  the  weights  will  balance  each 
other ;  and,  neglecting  the  friction  on  the  pegs  B,  0, 
and  D,  and  supposing  the  strings  perfectly  flexible,  the 
whole  will  come  to  rest  in  the  position  represented  by 
the  diagram.  The  point  or  knot  A  will  be  kept  at  rest 
by  the  tensions  of  the  weights— that  is,  by  a  force  of 

3  lbs.  acting  in  the  direction  of  A  B,  2  lbs.  in  the  direc- 
tion of  A  D,  and  4  lbs.  in  that  of  A  C.  Let  another  peg, 
E,  be  inserted  in  the  board,  somewhere  in  the  straight 
line  C  A  produced,  attach  another  string  to  A,  and  pass 
it  over  A  E,  with  a  weight  of  4  lbs.  at  its  other  extremity, 
care  being  taken  to  support  this  latter  weight  so  as  not  to 
allow  it  to  act  on  A  till  we  require  it.  If,  now,  the  weights 
of  2  lb.  and  3  lb.  be -supported  so  as  to  take  off  their  tensions 
from  A  at  the  same  instant  that  the  second  4  lb.  weight  is  allowed  to  exert  its  tension 
on  A  in  the  direction  A  E,  the  equilibrium  of  the  point  A  will  not  be  disturbed,  since 
the  tension  of  4  lbs.  acting  in  the  direction  A  E  wiU  exactly  balance  the  tension  of  the 

4  lb.  acting  in  the  direction  A  C.  The  tension  of  4  lb.  acting  in  the  direction  A  E  pro- 
duces, therefore,  the  same  effect  on  the  point  A  that  the  joint  tensions  of  3  lb.  acting 
in  the  direction  A  B,  and  of  2  lb.  in  the  direction  A  D,  both  together  have  upon  it. 
The  4  lb.  tension,  acting  in  the  direction  A  E,  is  called  the  resultant  of  the  3  lb.  tension 
in  the  direction  A  B,  and  the  2  lb.  tension  in  that  of  A  D. 
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PROPOSITION  I. 
Paxallelogram  of  Forces. — The  proposition  wMcli  enables  us  to  represent  tlie 
resultant  of  any  two  forces  which  act  upon  a  material  particle  in  magnitude  and  diiec« 
tion,  when  the  magnitude  and  direction  of  the  two  forces  are  given,  is  called  the  paral- 
lelogram of  forces,  and  is  as  follows : — 

Let  P  and  Q  be  two  forces  acting  upon  material  point  A. 

Let  the  line  AB  represent  the  force  P  in  magnitude  and 

direction,  and  AC  the  force  Q  in  magnitude  and  direction. 

Through  B  draw  BD  parallel  to  AC  and  through  C,  CD 

parallel  to  AB. 

Let  D  be  the  point  where  the  lines  BD  and  CD  meet. 
Then  by  construction  the  figure  ABDC  is  a  parallelogram. 
Join  AD,  AD  is  the  diagonal  of  the  parallelogram. 

This  diagonal  AD  will  represent  the  resultant  E  of  the  two  forces  P  and  Q  acting  in 
the  directions  AB  and  AC,  in  magnitude  and  direction. 

The  parallelogram  of  forces  may  therefore  be  thus  enunciated.  If  two  forces  acting 
upon  a  material  particle  be  represented  in  magnitude  and  direction  by  ttvo  adjacent  sides  of  a 
parallelogram^  the  diagonal  of  the  parallelogram^  draum  throttgh  the  point  where  these  sides 
meet,  will  represent  their  restdtant  both  in  magnitude  and  direction. 

We  shall  first  show  that  this  proposition  is  true  for  the  direction  of  the  resultant, 
and  then  that  it  is  also  true  for  its  magnitude. 

1st.  To  prove  that  the  parallelogram  of  forces  is  true  for  the  direction  of  the  re- 
sultant. 

When  the  forces  P  and  Q  are  equal,  the  direction  of  the  re- 
sultant wiU  manifestiy  bisect  the  angle  BAC,  since  no  reason  can 
be  alleged  why  the  resultant  force  B,  should  incline  more  to  one 
force,  P,  than  to  the  other,  Q.  Since  ABCD  is  a  parallelogram 
whose  sides  AC  and  AB  are  equal,  its  diagonal,  AD,  will  bisect 
the  angle  BAC,  and  therefore  AD  will  represent  the  direction  of 
the  resultant  when  P  and  Q  are  equal. 

Let  us  now  assume  the  proposition  to  be  true  for  two  unequal  forces  P  and  Q,  and 
also  for  two  unequal  forces  P  and  -S,  we 
can  then  prove  that  it  will  be  true  for  the 
forces  P  and  Q  -I-  S. 

Draw  a  parsdlelogram  ABDC,  having 
one  side  A  B  proportional  to  the  force  P  and 
the  adjacent  side  AC  to  that  of  Q,  produce 
AC  to  E  and  make  CE  in  the  same  propor- 
tion to  S  that  the  other  lines  bear  to  P  and  Q.     Complete  the  parallelogram  E  D. 

According  to  our  assumption  the  resultant  of  P  and  Q  will  act  in  the  direction  AD, 
and  that  of  P  and  S  in  the  direction  CF.  Now  if  all  the  points  in  the  two  parallelo- 
grams be  supposed  to  be  rigidly  connected  with 
one  another,  a  force  may  be  transferred  from 
any  point  to  another,  provided  the  latter  be  in 
the  same  straight  line  in  which  the  force  is 
acting,  without  disturbing  the  equilibrium. 

Hence  the  force  S  acting  at  C  may  be 
transferred  to  A,  and  we  shall  then  have  a 
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force  Q  -f-  S  acting  on  A  in  the  direction  A  C,  a  force  P  acting  on  A  in  the  direction  A  B, 
and  a  force  P  acting  on  C  in  the  direction  G  D. 

If  the  proposition  be  true  for  P  and  Q  -f  S  their  resultant  will  act  in  the  direction 
A  F,  and  these  forces  may  be  transferred  from  A  to  F.  What  we  have  therefore  to  show 
is,  that  the  forces  P  and  Q,  acting  at  A,  and  P  and  S  acting  at  0,  may  be  so  transferred,  by 
the  principle  of  transmission  of  force,  without  altering  the  conditions  of  equilibrium 
that  we  may  have  the  forces  Q  +  S  and  P  acting  at  F  and  P  at  C. 


By  our  assumption  P  and  Q  acting  at  A  may  be  replaced  by  their  resultant  R 
acting  in  the  diagonal  A  D  of  the  parallelogram  0  B,  and  the  forces  P  and  S  by  their 
resultant  T  acting  in  the  diagonal  C  F  of 
the  parallelogram  E  D. 

Now,  according  to  the  principle  of  the 
transmission  of  force,  the  force  R  may  be 
transferred  fix)m  A  to  D  in  the  direction 
A  D,  and  the  force  T  from  C  to  F  in  the 
direction  C  F,  as  represented  in  the  accom- 
panying diagram. 

Upon  the  same  principle  that  we  re- 
placed the  forces  by  their  resultants  we  may  replace  these  resultants,  again  by  the 

_^ ^  forces  from  which  they  were  obtained;  and 

we  shall  then  have  It  replaced  by  the  force  P 
acting  in  the  direction  of  C  D  produced  and 
Q  in  that  of  D  F,  and  T  replaced  by  P 
acting  in  E  F  produced,  and  S  acting  in 

f     Tff         j-^ f  D  F  produced.  \ 

'    ^  ^        ^^  ®  Lastly,  the  force  Q  may  be  transferred 

from  D  to  F  in  the  direction  of  D  F  produced, 
and  the  force  P  from  D  to  C  in  the  direction 
CD;  so  that  we  ultimately  have  the  forces  Q-^-S  and  P  acting  at  F,  and  P  at  C, 
without  having  altered  tiie 
conditions  of  equilibrium  of 
any  of  the  points  of  the  paral- 
lelograms. Hence,  if  our  pro- 
position be  true  for  two  forces 
Pand  Q,  and  also  for  P and  S, 
as  regards  the  direction  of  the  ®*5 
resultant,  it  is  also  true  for  the 
forces  P  and  Q  -f-  S. 

Now,  we  have  shown  that  it  is  true  for  two  equal  forces,  hence  it  is  true  for  P  and  P, 
and  also  for  P  and  P,  it  must  therefore  be  true  for  P  and  P  -|-  P,  or  for  P  and  2  P.  Being 
true  for  P  and  2  P,  and  also  for  P  and  P,  it  is  true  for  P  and  P-f  2  P,  or  for  P  and  3  P,  and 
so  on ;  it  may  be  shown  to  be  true  for  P  and  wP,  where  m  represents  any  whole  number. 
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By  w"'^^"^^  reasoning  the  proposition  may  be  extended  to  the  forces  nP  and  mP, 
where  m  and  n  represents  any  whole  numbers  whatever. 

Hence  the  proposition  is  true,  as  to  the  direction  of  the  result,  for  any  two  forces 
which  are  commensurable ;  or  in  other  words,  for  any  two  forces  which  have  a  common 
measure,  or  can  be  expressed  in  terms  of  a  common  unit. 

The  proposition  can  be  extended  to  the  ease  of  incommensurable  forces,  or  forces 
which  have  no  common  measure. 

Let  the  lines  A  B  and  A  C  represent  two 
incommensurable  forces,  in  magnitude  and 
direction,  of  which  A  C  is  the  greater.  Com- 
plete the  parallelogram  A  B  D  C,  by  drawing 
B  D  parallel  to  A  C,  and  C  D  parallel  to  A  B. 
If  the  resultant  does  not  act  in  the  direction 
of  the  diagonal  A  D  of  the  parallelogram 
A  B  D  C,  let  A  E  represent  the  direction  in  which  it  does  act. 

Divide  the  line  A  C  in  two  equal  parts  in  the  point  F ;  similarly  divide  F  C  in  two 
equal  parts  in  6,  and  6  C  in  H ;  continue  this  subdivision  until  a  part,  such  aa  K  0,  is 
obtained,  which  is  less  than  D  E. 

A  C  may,  therefore,  be  divided  into  a  number  of  equal  parts,  each  of  which  axe 
equal  to  H  C. 

Set  off  distances  each  equal  to  H  C  along  the  line  C  D,  commencing  £ram  the  point  C ; 
then  one  of  these  divisions,  such  as  K,  must  fall  between  E  and  D,  since  A  C  and  C  D 
have  no  common  measure,  and  H  C  is  less  than  E  D. 
From  A  B  cut  off  A  L  =  C  K,  and  join  K  L  and  A  K. 

A  C  and  A  L  wiU  therefore  have  a  common  measure  H  0,  and  will  consequently 
represent  two  commensurable  forces ;  and  AK,  the  diagonal  of  the  parallelogram  A  L  K  C, 
will,  by  what  we  have  tpreviously  proved,  represent  the  direction  of  their  resultant. 
The  resultant  A  K,  therefore,  of  the  forces  A  L  and  A  C,  is  further  from  A  C  than  A  E, 
the  resultant  of  the  forces  A  C  and  A  B ;  but  this  cannot  be  true,  since  A  B,  being 
greater  than  A  L,  A  E  ought  to  be  further  from  A  C,  or  nearer  to  AB  than  A  K.  Con- 
sequently, the  supposition  that  the  resultant  of  A  C  and  AB  acts  in  the  directum  of  the 
line  A  E,  leads  to  an  absurdity ;  and  similarly  it  may  be  shown,  that  if  it  be  supposed 
to  act  in  any  other  direction  than  the  line  A  D,  the  diagonal  of  the  parallelogram  A  B  D  C, 
we  shall  be  led  to  a  like  absurd  conclusion. 

Hence  we  infer,  that  if  two  forces,  acting  on  a  point,  whethet  coipmensurablp  or 
incommensurable,  be  represented  in  magnitude  and  direction  by  two  adjacent  sides  of  a 
parallelogram,  the  diagonal  of  the  paztdlelogram  will  represent 
the  direction  in  which  the  resultant  of  these  forces  will  act 
We  have  next  to  show,  that  this  diagonal  will  also  represent 
the  magnitude  as  well  as  the  direction  of  the  resultant. 

Let  A  B,  one  side  of  the  parallelogram  A  B  C  D,  represent 
a  force  P,  in  magnitude  and  direction,  and  the  side  A  C,  ano- 
ther force  Q,  in  magnitude  and  direction,  these  two  forces  both 
acting  on  the  point  A. 

Let  R  represent  the  force  which  \a  the'resultant  of  the 
forces  P  and  Q ;  this  force  will  act,  according  to  what  wo  have 
already  proved,  in  the  direction  AD,*  AD  being  the  diagonal  of  the  parallelogram 
ABCD. 
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Produce  A  D  to  D',  and  take  A  D'  in  the  same  proportion  to  R  that  A  C  bears  to 
Q,orABtoP. 

Draw  D'  C  parallel  to  A  B,  and  B  C  parallel  to  A  D',  meeting  in  C,  and  join  A  C, 
AB  C  D'  will  be  a  parallelogram,  A  C  its  diagonal,  and  B  C  will  be  =  A  D'. 

Since  B  is  the  resultant  of  the  forces  P  and  Q,  a  force  E  acting  on  A  in  the  direction 
AB',  in  the  same  straight  line,  but  in  the  opposite  direction  to  that  in  which  the 
resultant  of  P  and  Q  acts,  will  keep  the  point  A  at  rest,  when  acted  on  by  the  forces 
PandQ. 

Hence  the  forces  P  Q  and  B,  represented  in  magnitude  and  direction  by  A  B,  A  C 
and  A  D'  acting  on  A,  will  keep  it  at  rest. 

Any  one  of  these  three  forces  wiU  be  equal  in  magnitude  to  the  resultant  of  the 
other  two,  but  it  will  act  in  an  opposite  direction  to  it  in  the  same  straight  line. 

Now  A  C,  the  diagonal  of  the  parallelognun  A  D'  C  B  is  the  direction  in  which  the 
resultant  of  the  forces  B  and  P  represented  by  A  D'  and  A  B  acts.  Therefore  A  C  and 
A  C  must  be  in  the  same  straight  line,  and  since  A  C  is  parallel  to  B  D,  A  C  will  also 
be  parallel  to  B  D,  and  since  B  C  was  drawn  parallel  to  AD,  A C  B  D  must  be  a 
parallelogram,  and  B  0'  will  =  AD. 

But  B  C  =  A  D'.  Therefore  A  D  =  A  D',  and  since  A  D*  represents  B  in  mo^- 
mtude,  A  D  will  represent  R  both  in  magnittuU  and  direction. 

We  are  indebted  to  M.  Dnchayla,  a  French  mathematician,  for  this  very  simple  and 
beautifal  demonstration  of  the  paraDelogram  of  forces.  It  may  be  prored  by  other 
methods,  but  they  either  reqiure  a  knowledge  of  the  higher  branches  of  mathematical 
analysis,  or  else  assume  the  principles  of  Dynamics. 

Some  writers  first  demonstrate  the  properties  of  the  le^er,  and  from  these  deduce  the 
parallelogram  of  forces. 

PROPOSITION  II. 
To  find  the  Eeiultant  of  any  number  of  Forces  acting  on  a  Material  Foint  in  the  same  Plane. 

"Let  Pi  P2  P3  and  P4,  four  forces  acting  on  a  point 
A*  in  the  same  plane,  be  represented  in  magnitude  and 
direction  by  the  lines  A  P,,  A  Pj,  A  P,  and  A  P4. 

Draw   Pi  R|  parallel  to  A  P^  and  P^  R,  parallel  to 
A  Pj,  meeting  in  Ri ;  join  A  R,.   Then  A  R,  the  diagonal 
of  the  paralldogram  AP,  R,  P,  will  by  Prop.  I.  represent 
the  resultant  of  the  forces  Pi  and  Pj  acting  on  A  in  the 
directiens  A  Pi  and  A  P». 

Let  Bi  be  this  force.  Then  Ri  alone  acting  on  A  in 
the  direction  A  Ri  will  produce  on  A  the  same  effect  as 
the  two  forces  Pi  and  Pj  acting  together,  in  the  directions  A  P,  and  A  Pj. 

Consequently  the  two  forces  Pj  and  P^  acting  on  A  in  the  directions  A  Pi  and  A  Pi 
may  be  replaced  by  a  single  force  Ri  acting  in  the  direction  A  R,. 

Again,  draw  Ri  R^  parallel  to  A  Pj  and  Pj  Rg  parallel  to  A  R,  meeting  iuEz ;  join 
A  R,.  Then  by  Prop.  I.  a  force  Rj  represented  in  magnitude  and  direction  by  A  R^  the 
diagonal  of  the  parallelogram  A  Ri  Rj  P3,  will  have  the  same  effect  on  A  as  the  two 
forces  Ri  and  P,  acting  in  the  direction  ARj  and  AT,. 

But  Ri  acting  on  A  in  the  directions  AR,  produces  on  A  the  same  effect  as  Pi^andPj 
acting  in  the  directions  A  Pi  and  A  Pj. 
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Hence  the  force  Eg  acting  on  A  in  the  direction  A  R,  produces  the  same  effect  as  the 
three  forces  Pj  P^  and  P,  acting  in  the  directions  A  Pi,  A  P2  and  A  P,. 

Lastly,  draw  P4  E,  parallel  to  AB,  and  Eg  R3  parallel  to  A  P4,  meeting  in  E,.  Join 
A  Eg.  Then  by  Prop.  I.  a  force  E3,  represented  in  magnitude  and  direction  by  AR,, 
Trill  have  the  same  effect  on  A  as  the  two  forces  E^  and  P4  have,  acting  in  the  direc- 
tions A  Ej  and  AP4. 

But  E2,  acting  on  A  in  direction  A  Eg,  produces  the  same  effect  as  Pj  P,  and  P,  acting 
in  the  directions  A  Pi,  A  P^,  and  A  P,. 

Consequently  a  force  E3,  acting  in  the  direction  A  E„  produces  on  A  the  same  effect  as 
the  four  forces  Pj,  Pj,  P3  and  P4  acting  in  the  directions  A  Pi,  A  Pj,  A  P3  and  A  P4 ;  or,  in 
other  -words,  A  E3  represents  the  resultant  of  these  forces  in  magnitude  and  directum. 

The  same  method  may  be  extended  to  any  number  of  forces,  and  affords  an  easy 
geometrical  construction  for  fiTidmg  the  single  resultant  of  any  number  of -forces  acting 
upon  a  material  particle. 

PEOPOSITION  in, 
JResolution  of  Forces. 

By  means  of  the  parallelogram  of  forces  we  can  generally  replace  a  single  force  by 
two  others  acting  in  any  directions  we  please  in  the  same  plane ;  this  is  called  resolving 
a  force,  and  the  forces  by  which  it  is  replaced  are  termed  its  resolved  parts. 

Thus  if  a  force  P,  acting  on  a  point  A,  be  represented  in  magnitude  and  direction  by 
the  straight  line  A  P ;  and  A  B,  A  C  drawn  e^ 

through  A  be  the    arbitrary  directions  in 
which  we  wish  to  resolve  the  force  P. 

Through  P  draw  P  D  parallel  to  AC 

meeting  AB  in  D,  and  also  PE  parallel  to  ^ -s/^ 

A  D  meeting  A  C  in  E. 

Then,  by  Prop.  I.,  A  E  and  A  D  will  repre- 
sent two  forces  in  magnitude  acting  in  the   jj g^^ 

directions  A  C  and  A  B,  which  produce  on  A 

the  same  effect  as  the  simple  force  P  acting  in  the  direction  A  P,  and  therefore  may 

replace  that  force  without  altering  the  conditions  of  equilibrium. 

A  E  represents  the  resolved  part  of  P  along  A  C,  and  A  D  its  resolved  part  in  the 
direction  A  B. 

In  resolving  forces,  it  is  generally  found  more  convenient  to  choose  the  direction 
A  C  perpendicular  to  A  B. 


PROPOSITION  IV. 

Triangle  of  Forces, 

If  a  material  point  be  kept  in  equilibrium  by  the  action  of  three  forces  acting 
upon  it,  in  the  same  plane,  the  sides  of  any  triangle  drawn  parallel  to  the  directions 
of  these  three  forces  will  be  proportional  to  them ;  and  conversely,  three  forces,  acting 
on  a  material  particle,  will  keep  it  at  rest,  if  these  forces  be  proportional  to  the  sides 
of  a  triangle  formed  by  drawing  lines  parallel  to  their  directions.  ^ 
^QQglc 
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Let  Fand  Q,  two  forces  acting  on  A,  be  represented  in  magnitude  and  direction  by  the 
lines  AP  and  A  Q. 

Through  P  draw  P  B  parallel  to  A  Q,  and 
tbrough  Q,  QB  parallel  to  A  P  meeting  in  B ; 
join  AB. 

Ftodace  A  B  to  B,  and  make  A  R  equal  to 
AB. 

Then,  Prop.  I.,  a  force  B  acting  on  A/  re- 
presented in  magnitude  and  direction  by  A  R, 
will  ooonteract  the  forces  P  and  Q  acting  in  the 
directions  AP  and  A  Q. 

And  A  will  be  kept  in  equilibrium  by  the 
action  of  the  three  forces  P,  Q  and  B  acting  in 
the  directions  A  P,  AQ,  and  AB. 

Take  any  point  £;  through  £  draw  £D  _ 

parallel  to  A  P,  and  E  F  parallel  to  A  B. 

In  ED  take  any  point  D,  and  through  D  draw  D  F  parallel  to  A  Q,  meetingEF  in  F. 

Then  by  construction  the  triangle  £  D  F  will  be  equiangular  to  the  triangles  APB 
orAQB. 

And,by  Euc.  B.  VI.,  Prop.  4,ED  :  EF  :  FD  : :  AP  :  AB  :  BP 

::     P:      B:     Q. 

PROPOSITION  V. 

F6lyg(m  of  Foree$» 

If  a  particle  be  acted  on  by  any  number  of  forces  which  are  represented  in  magni- 
tade,  or  are  proportional  to  the  sides  of  a  polygon,  it  will  be  at  rest,  provided  each 
force  acts  in  a  direction  parallel  to  the  side  of  the  i>olygon  to  which  it  is  proportional. 

LetABCDEF  be  a  polygon,  whose  side,  A B,  is  proportional  to  the  force  Pi, 
B  C  to  P2,  C  D  to  P„  D;E  to  P4,  £  F  to  P.,  and 
FAtoP,. 

JoinAC,  AD^andAE. 

Let  AC  =  Rj,  AD  =  Ej,'and  AE  =B,. 

Then,  by  Prop.  IV.,  R,  will  represent  the  resultant 
of  the  forces  Pi  and  P,  in  magnitude. 

£1  the  resultant  of  Rj  and  P„  or  of  P„  P,,  and  B,. 

And  Rj  the  resultant  of  R3  and  P4,  or  of  Pi,  P»  P3, 
andP^. 

But,  by  Prop.  IV.,  since  R„  P5,  and  P,  are  sides  of  the  triangle  A  E  F,  R,  will 
represent  the  resultant  of  P5  and  P^. 

Hence  P,  and  Pg  will  counteract  the  effiBct  of  the  forces  P„  P„  P»  and  P4,  provided 
lie  conditions  of  Prop.  IV.  be  fulfilled ;  t .  e.,  provided  these  forces  act  upon  a  particle 
in  directions  parallel  to  the  sides  of  the  polygon. 

Since,  in  Prop.  IV.,  any  side  of  the  triangle  may  be  considered  as  the  resultant  of  the 
other  two,  P,  may  be  regarded  as  the  resultant  of  R3  and  Pj,  or  of  Pi,  Pj,  P„  P4,  and  P5. 
Any  one  side,  therefore,  of  the  polygon  may  be  taken  as  the  resultant  of  all  the  others. 

In  the  same  manner  the  proposition  may  bo  extended  to  a  polygon  of  seven,  eight, 
or  more  sides. 

The  polygon  of  forces  need  not  have  all  its  sides  in  the  same  plane. 
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PROPOSITION  VI. 
Paralklopiped  of  Forces, 
If  three  forces,  whose  directions  are  not  in  the  same  plane,  act  upon  a  point,  and  if 
they  be  represented  in  magnitude  and  direction  by  three  adjacent  edges  of  a  parallelo- 
piped,  whicli  meet  in  the  point  on  which  the  forces  act,  the  resultant  of  the  forces  will 
be  represented  in  magnitude  and  direction  by  the  diagonal  drawn  fi*om  this  point  to 
the  opposite  solid  angle  of  the  paraUelopiped. 

Let  A  be  the  point,  acted  on  by  three  forces,  repre- 
sented in  magnitude  and  direction  by  i^  P,  A  Q,  and  A  E, 
which  are  not  in  the  same  plane. 

Then,  Euc,  B.  xi.  Prop.  2,  A  Q  and  A  P"  are  in  the  same 

plane ;  complete  the  parallelogram  P  A  Q  B  in  this  plane, 

by  drawing  P  B  parallel  to  AQ,  and  Q  B  parallel  to  A  P. 

Similarly  in  the  plane  in  which  A  B  ^and  A  Q  lie 

complete  the  parallelogram  A  R  C  Q. 

And  in  the  plane  in  which  A  E  and  A  P  lie,  complete  the  parallelogram  A  B  D  P. 
Also  complete  the  parallelograms  Q  0  B  S  in  the  plane  Q  G  B,  and  the  parallelogram 
P  B  S  D  in  the  plane  D  P  B . 

We  shall  then  have  constructed  a  paraUebpiped^  three  of  whpse  adjacent  edges 
meeting  at  A  are  A  P,  A  Q,  and  A  R. 

Join  A  B,  A  S,  and  R  S.  A  B  will  be  the  diagonal  of  the  parallelogram  A  P  B  Q, 
and  A  S  the  diagonal  of  the  parallelogram  A  R  S  B. 

Hence  A  B  will  represent  the  resultant  of  the  forces  represented  by  A  P  and  A  Q  in 
magnitude  and  direction. 

And  A  S  the  resultant  of  the  forces  represented  by  A  R  and  A  B. 
Therefore  A  S  represents  the]  resultants  of  the  forces  represented  by  AR,  A  P,  and 
A  Q,  in  magnitude  and  direction. 

•By  the  aid  of  this  proposition,  any  single  force  acting  on  a  particle  may  be  resolved 
into  three  other  forces  not  acting  in  the  same  plane.  "WTien  a  force  is  so  resolyed,  it  is 
generally  found  convenient  to  resolve  it  into  three  forces  acting  at  right  angles  or  per- 
pendicularly to  one  another. 

PROPOSITION  VII. 

Condition  of  equilibrium  when  a  ma^rial  particle  is  acted  on  by  any  number  of  forces  whose 
directions  are  all  in  the  same  straight  line. 

The  condition  of  equilibrium  in  this  case  must  evidently  be,  that  the  sum  of  all  the 
forces  acting  on  the  particle  in  one  direction  must  be  equal  to  the  sum  of  aU  the  forces 
acting  in  the  opposite  direction. 

It  is  usual  to  consider  the  forces  acting  in  one  direction  as  positive,  and  those  in  the 
opposite  as  negative.  The  condition  of  equilibrium,  then,  may  be  thus  stated : — the 
algebraical  sum  of  all  the  forces  is  zero,  or  nothing. 

Thus,  if  A  be  acted  on  by  the       ^  ^        ^  . ,  

positive  forces,  4  lbs.,  3  lbs.,  and    -^^        +^?^»  +/fi&r       A  I¥&       ZI^S^ 

6 lbs.,  in  one  direction,  and  the  negative  forces,   6 lbs.,   5 lbs.,  and   lib.,    in  the 
opposite. 

The  algebraical  sum  of  these  forces  will  be  4  +  3  +  5  —  6— 6  —  1  =  12  —  12  =  0; 
and  A  will  be  at  rest  imder  the  influence  of  these  forces. 
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PROPOSITION  VIII. 

If  two  straight  lines  hs  drawn  at  right  angles  to  one  another  through  awy  pointy  and  if  two 
forces  act  on  thispomt  in  any  direction  whatever  in  the  same  plane  in  which  these  lines 
are  drawn^  then  the  algebraical  sum  of  the  resolved  parts  of  the  two  forces  in  the  diree- 
tian  of  each  of  the  Unes  will  be  equal  to  the  resokedpart  of  their  resuUaeU  «•  the  same 
direction. 

Let  A  X  and  A  y  be  the  straight  lines  drawn  tnroagh  the  pomt  A  perpendicular  to 
one  another. 

Lines  so  drawn  are  called  rectangular  axie. 

Let  two  forces,  P  and  Q,  acting  on  A,  be  repre- 
sented in  magnitude  and  direction  by  A  P  and  A  Q. 

Draw  P  R  parallel  toAQ,andQRtoAP,  meetr 
ing  in  R,  and  join  A  R.       . 

Then,  Prop.  I.,  A  R=:R  represents  the  resultant 
of  P  and  Q  in  magnitude  and  direction. 

Through  the  points  P,  Q,  and  R,  draw  P Xi,  QX,, 
and  R  X3,  perpendicular  to  A  d;,  and  through  the  same  .  .< 
points  P  Yj,  Q  Yj,  and  R  Y„  perpendicular  to  A  y. 

By  Prop.  III.,  A  Xj  and  A  Y^  wiU  be  the  resolyed  parts  of  the  force  P  in  the  direc- 
tions A  X  and  A  y. 

Similarly,  AX^  and  A  Y,  will  be  the  TeSolved  parts  of  Q;  and  A  X3  and  A  Y3  the 
resolyed  parts  of  R  in  the  same  directions. 

Let  AXi  =  Xi,  AXjssXj,  AX^rzX,,  A  Y^rziYj,  A  Y2  =  Y„  and  AY,=Y3. 

Produce  the  line  Yg  Q  to  meet  the  line  R  X3  in  the  point  B. 

Since  A  P  R  Q  is  a  parallelogram,  A  P  =  Q  R ;  and  also  because  B  Q  is  parallel  to 
A  a?,  and  A  P  to  RQ,  the  angle  R  Q  B  =  angle  PAX^. 

But  the  angles  R  B  Q  andP  Xj  A  are  Tight  angles  by  construction. 

Hence,  the  triangles  R  Q  B  and  P  A  X^  have  the  side  A  P  =1 R  Q,  and  the  angles 
PAX,  =  RQB,  andPX,A  =  RQB. 

Therefore,  Euc.  B.  L,  Prop.  26.,  A  X^  =  B  Q,  and  P  Xi  =  R  B. 

AndXi  +  X2  =  AXi  +  AX2  =  BQ  +  AX2  =  X3X2-t-AXj  =  AX3  =  X3. 

Since  B  Q  =  X3  Xj,  because  by  construction  of  figure  B  Q  X^  X,  is  a  parallelogram. 

And  again,  Yi  +  Y^  =  AYj+AY^  =  PXj -}- BX,  =  RB-fBX,=  RX,= 
AY3=:Y3. 

Since  A  Yj  =  PXi,  A  Yj  =  B  X3,"and  R  X3  =  AY3,  because  A  Xi  P  Yi,  A  X,  B  Yj, 
and  A  X3  R  Y3,  are  parallelograms  by  construction  of  figure. 

If,  therefore,  Xj  Yj  be  the  resolved  parts  of  a  force,  P,  along  the  rectangular  axes, 
A z  and  Ay,  X^ Y2  the  resolved  parts  of  Q,  and  X3  Y3  the  resolyed  parts  of  R,  the 
resultant  of  P  and  Q  in  the  direction  of  the  same^axes, 

X,  =  X,  +  X^,  and:Y3  =  Y,-fY^. 

The  above  figure  has  been  so  drawn  that  the^forces  P  and  Q  both  fell  within  the 
axes  Ax  and  Ay;  this  is  not  always  the  case;  it  may  sometimes  happen,  as  in  the 
annexed  figure,  that  one  of  the  axes  may  fall  between  the  two  forces ;  in  this  case  it 
will  be  seen  that  the  resolved  part  of  the  force  Q,  along  the  axis  A  y,  will  fall  on  the 
opposite  side  of  A,  from  the  resolved  forces  of  P^and^R  along  the  same  line. 


52        EQUILIBRIUM  OF  AMY  NUMBER  OF  FORCES  ACTING  ON  A  POINT. 


The  resolved  forces  wMch  lie  on  one  side  of  A  are  called  positiye,  and  those  on  the 
opposite  side  negative. 

Consequently,  the  resolved  parts  of  P  will  be 
Xj  and  Yj,  of  Q,  Xj  and— Yg,  and  of  R,  X,  and 
Y3.  The  same  construction  being  made  as  in  the 
last  case,  since  A  P  R  Q  is  a  parallelogram,  A  P  = 
R  Q,  and  since  A  X^  is  parallel  to  B  Q,  and  A  P 
to  Q  R,  the  angle  P  A  X  ^  =  angle  R  Q  B,  also  the 
angles  at  B  and  X^  are  right  angles. 

Hence,  in  triangles  A  PX^  and  Q  B  R  (Euc, 
B.  I.,  Prop.  26.),  RB  =  PXi,  and  BQ  =  AX^. 

Xi+X2  =  AXj+AX2  =  BQ-fQY2  = 
BY2=X3  A  =  X3. 

Y,-Y2  =  AY, -AYa  =  PX, -X3B  = 
RB-X3B  =  RX3  =  AY3  =  Y3. 

And  in  this  case  X3  =  X^  +  Xa,  and  Y3  =  Yj  —  Yg. 

A  similar  construction  and  demonstration  will  apply  to  every  other  position  in  which 
the  rectangular  axes  may  be  placed  with  respect  to  the  forces,  and  we  may  say,  gene- 
rally, that  the  algebraical  sum  of  the  resolved  parts  of  any  two  forces  acting  upon  a 
material  point  in  the  directions  of  any  two  rectangular  axes  passing  through  that  point, 
will  be  equal  to  the  resolved  parts  of  their  resultant  along  the  same  axes. 

PROPOSITION  IX. 

To  find  the  conditions  of  equiiibHffm  of  any  number  of  forces  dieting  upon  a  material  point, 

the  directions  of  the  forces  being  all  in  the  sameplane^  but  not  in  the  same  straight  line, 

LetP„Po,P3,andP^, 
be  four  forces  acting  upon  y 

A,  represented  in  magni- 
tude and  direction  by  the 
lines  APj,  AP2,  AP3,  and 
AP,. 

Through  A  draw  the 
rectangular  axes  Ax  and 
Ay. 

Through  the  points  P^, 
Pg,  P3,  and  P^,  draw 
P,  Y„PaY2,P3Y„and 
P^  Y4,  perpendicular  to 
Ay,  and  P^Xj,  Pg  X2, 
P3X3,  and  P4X^,  per- 
pendicularto  A  rr. 

Then,  Pbop.  III.,  AX^,  AY^  =  X^  and  Y^,  are  the  resolved  parts  of  P^  in  the 
direction  of  the  axes  A  x  and  A  y. 

AX2  and  AY2  =  Xa  and  Y^  those  of  Pj,  AX3  and  -  A  Yg  =  X3  and  -  Y, 
those  of  P3  and  —  A  X4  and  —  A  Y^  —  X^  and  -  Y^  those  of  P^  along  the  same  axes. 

Let  Rj  be  the  resultant  of  the  forces  P^  and  Pa. 

Ra  the  resultant  of  the  forces  R^  and  P2,  or  of  P^,  Pa,  and  Pg. 

And  R3  the  resultant  of  the  forces  R2  and  P 3,  or  of  Pi,  P^,  P3,  and  P^. 
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Then,  Pkop.  VIII.,  the  resolved  part  of  R^  along  the  axis  of  Ax  =  Xj  +  Xj, 
that  of  Ra  =  X,  +  Xa  +  X„  and  that  of  R,  =  X^  +  X,  +  X,  -  X^. 

Similarly  the  resolved  part  of  R^  along  the  axis  Ay  =  Y^  +  Ya,  tiiat  of  R,  = 
Yi  +  Ya  4-  Y3,  and  that  of  R,  =  Y,  +  Y.  -  Y,  -  Y^. 

Let  X  =  Xj  -f-Xj  -fXj—  X^,  the  algebraical  sum  of  the  resolved  parts  of  the 
four  forces  along  the  axis  A  ar,  and  —  Y  =  Y^  +  Y,  —  Y,  —  Y^,  the  algebraical  sum 
of  the  resolved  parts  of  these  forces  along  the  axis  Ay.  _  , 

Take  AX  =  X  along  the  axis  AX,  and 
A  Y  =  —  Y  along  the  axis  A  Y. 

Through  X  draw  XR3  perpendicular  to    y  ^ 
A  X,  and  through  —  Y,  —  Y  R3  perpendicular       j  ^^^ 

to  AY  meeting  in  the  point  R3.    Join  A  R 3.     »  i^^^"*^ 

Then,  Prop.  III.,  A  R,  will  represent  the     ' 
resultant  of  the  forces  P^,  P^,  P„  and  P^,  in  magnitude  and  direction. 

This  single  force  A  R3,  acting  alone,  will  produce  on  A  the  same  effect  as  the  forces 
P„Pa,P3,andP^. 

Produce  A  Rj  to  A  S^,  make  A  S  =  A  R3. 

Then,  Pbop.  VII.,  A  force  represented  in  magnitude  and  direction  by  A  S  will 
exactly  counteract  the  effect  of  the  force  represented  by  A  R^. 

Consequently,  a  force  represented  in  magnitude  and  direction  by  A  S,  will  keep  the 
point  A  in  equilibrium  when  acted  on  by  the  forces  P^,  P,,  P3,  and  P^. 

From  S  let  fell  S  X  perpendicular  to  A  X,  and^S  Y  perpendicular  to  A  Y. 

Then,  Pbop.  III.,  A  X  and  A  Y  are  the  resolved  parts  of  A  S  along  the  rectangular 
axes.  Now  in  the  triangles  A  X  R3  and  A  S  X,  the  angle  X  A  R3  =  angle  SAX,  and 
he  angles  at  X  and  X  are  right  angles,  and  also  A  Rj  =  A  S. 

Therefore  AX  =  AX  =  X,  and  SX  =  XR,. 

And  AXR3  Y  and  A X  S_Y  are  parallelograms.  .     "  \ 

Consequently,  S  X  =  A  Y,  and  X  R,  =  A  Y. 
_   ThereforeAY  =  AY  =  -  Y. 

The  resolved  parts  of  A  S  are  therefore  —  X  and  T. 

But  X  =  X 1  +  Xs  +  X 3  -  X^,  and  -  Y  =  Yj  +  Ya  -  Y3  -  Y^. 
■  ;  Therefore  X^  +  X^  +  X3  -  X^  -  X  =  0,  and  Y,  +  Yj  -  Y3  -  Y^  -f-  Y  =  0. 

Or  if  five  forces  represented  in  magnitude  and  direction  by  A  P^,  A  Pa,  A  Pj,  A  P4, 
and  A  S  keep  a  point  in  equilibrium,  the  algebraical  sum  of  the  resolved  parts  of  these 
forces  along  the  rectangular  axes  passing  through  this  point,  wiU  each  be  equal  to  zero. 

The  same  demonstration  may  be  applied  to  any  nimiber  of  forces.  It  may  also  be 
observed  that  the  position  of  the  rectangular  axes  is  perfectly  arbitrary,  provided  only 
that  they  are  in  the  same  plane  in  which  the  forces  are  supposed  to  act. 

The  conditions  of  equilibrium  when  aU  the  forces  are  not  in  the  same  plane,  involve 
the  discussion  of  solid  geometry.  We  shall  reserve  the  consideration  of  this  subject  to 
a  more  advanced  portion  of  oiu:  treatise. 

The  student  will  observe  that  all  the  conditions  of  equilibrixmi,  for  a  material  point  which 
we  have  considered,  are  geometrical  deductions  from  the  parallelogram  of  forces,  and  in- 
volve no  new  mechanical  principles ;  and  that  the  parallelogram  of  forces  depends  upon  one 
mechanical  principle,  that  of  the  transmission  of  a  force  from  any  one  point  to  another 
rigidly  connected  with  it,  and  in  the  direction  of  its  action,  without  altering  its  effect. 
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We  Bubjoin  two  or  tkretj  csampk^s,  to  show  tlic  mdtliod  of  applying  the  principlea 
WG  taye  dottrmiiied.  ]Vrw:haiiical  problems  may  he  solved  in  two  ways ;  graphically, 
i  e.j  by  accurately  drawing  liic  geometrical  figures  by  mattcimtticfll  infitrumoiita  and 
Ecalca,  and  obtuining  a  resnltj  which  con  be  measured  hy  ihes^  instrumeiits  \  or  trigo- 
noBQctrieally,  L  e.j  by  computing  the  relations  of  the  Eg:urc&  according  to  the  princi^es 
of  trigonometry,  and  thus  arriTing  by  mc^ns  of  trigonometricol  tables  at  a  more  accu- 
rate result  than  the  former  will  afford* 

We  would  recommend  the  student  to  use  both  o£  tht  Ee'mcthoda,  as  ho  will  by  this 
means  obtain  a  clearer  view  of  the  subject  than  by  accustoming  himself  only  to  one 
of  them. 
PnoBLEM  I. — Tw^  forces  J  repr&senUd  li/  I2lbs.  and  IS^Ss.j  3r&  mdhnd  to  m^^h  oth^r  at  an 

angle  of  60° ;  required  fke  ma^^nitude  of  the  resultant;  and  its  indination  t&  (he  greater. 

Iflt  Graphical  solution. 

Draw  a  line  A  B.  ^  \\^  "~  ^^ 

Moto  A  B  cqnal  to  \^  parts  of  any 
couTenient  scalcj  aa  the  8tb  or  the  10th 
of  an  inch. 

Draw  A  C  inclined  to  AB  at  an  angle 
of  m\ 

Take  AC  cqaai  to  12  parts  of  the 
same  ecalcj  that  A  B  is  eqnal  to  15  parts. 

Through  C  draw  C  E  parallel  to  A  B,  and  through.  E,  B  E  parallel  to  AC,  meeting 
in  the  point  E, 

Join  A  E. 

Thoti^  Prop.  I.,  A  E  will  ncpreaent  the  resultant  of  the  forces  repneaented  by  A  C 
and  A  B  in  magmtu^lc  and  direction ;  and  if  A  E  bo  measured  by  the  aeolo  used  in 
drawing  A  B  and  AC,  it  will  be  foimd  to  he  23^  parta  of  that  se^lej  and  lite  angle 
E  A  B  will  measure  very  nearly  26""  2tK* 

The  resulting  force  will  therefore  ho  represented  by  23^  lbs.,  and  it^  inclination, 
to  the  greater  force  "will  bo  26*  20'  nearly. 

The  process  might  have  been  sliortened  by  the  use  of  Prop.  IT.,  in  which  eaac  we 
should  haye  drawn  A  B  ^i^  16  part^  of  the  scalCj  BE  making  an  angle  180"  —  60'  or 
120°  with  A  E,  and  B  E  =  12  porta  of  the  scale^  and  lastly  joined  A  and  E. 

2nd  Trigaometrical  s^dution. 

AE"  =  AB'  +  EE2-2A  BBE  cos.  120^. 
=  A  B''  -i-  E  E=  +  2  A  BE  E  ctss.  60^ 
1=^  12=  +  la^f  4-  2  X  12  X  l^  X   s* 
=  144  +  226  H-  180  =  549, 
Heuce/A  E  =  \/649  =  23-43. 

..      sin,  EAB       EB         sin.EAB     12 


Bin.  E  B  A       E"A'       sin.  120°  ^23*43' 

Hraw^,  sin.  E  AB  —  ^^ —  sin.  120^  ::=  ^^--  dn,  60\ 
'  23-43  23*43 

And  Log.  sin.  E  A  B  =  Log.  12  +  Tx>g.  ein,  m''  —  Log.  23"43, 
^  1  0791 812+  9^9376306  —  1  36^7723. 
=  9-0469395. 
=  Log.  Bin.  26*  20'  nearly. 
Angle  E  A  E  =  26'  20'.                             '  r^  t 
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Wlien  the  resultant  of  more  than  two  foroes  is  to  be  found,  it  will  be  more  con* 
yenient  to  resolve  the  forces  as  in  Prop.  IX. 
We  shall  therefore  work  out  the  above  example 
by  that  method. 

Draw  two  straight  lines,  Kx  and  Ay  at 
right  angles  to  each  other. 

Take  AP^  =  15  =  force  Pi  along  A  x. 

Draw  APg  =  12  =  force  P„  makinj  an 
angle  60°  with  A  Pj. 

Through  P,  draw  Pj  yj  perpendicular  to 
Ay,  and  P,  X2  perpendicular  to  A  x.  j. 

Then  A^Tj  Ayj  are  the  resolved  parts  of  Pj 
along  Ac  and  Ay ;  A  P^  is  the  resolved  part  of  P,  along  the  axis  A*,  and  its  resolved 
part  along  Ay  is  zero. 

Produce  A  Pi  to  a^,  and  make  P|  x  t±  Ar^ 

Then  Ap'  =  A  P,  +  Aar,  is  the  resolved  part  of  the  resultant  of  P,  and  P,  along 
At  and  ky^  is  the  resolved  part  along  Ay. 

Through  of  draw  x  •  R  perpendicular  to  Aa:,  and  produce  y,  Pj  to  meet  «'  B 
inE.    Join  A  R. 

Then  A  R  represents  the  resultant  of  P^  and  P,  in  magnitude  and  direction,  Ay,  ^ 
AP,  cos,  60°  =  12  X  -5  =  6,  and  Ay,  =  P,X,  =  AP,  sin.  60'  =  12  X  866  = 
10-392. 

ButAR2  =  Ay,«  +Ry,«=:Ay,«  +  A»,«=(10-392)«  +  (16  +  6)1=  (10.392)«+ 
(21)2.  ==  107-993664  +  441  =s  548.903664. 


Therefore  A  R  =  |/548.993664  =  23*430. 

Again,  cos.  R  A  ar^  =  Afi—  ?1 =r  -89628  =  cos.  26'*  20'  nearly.    And  there- 

AR  ""  23-43 

fore  angle  R  kx  =  26°  20'.    And  this  is  the  inclination  of  the  resultant  to  the  greater 

force. 

Pboblem  IL^Three  forces  which  are  to  each  other  asZy^,emd5^aet  upon  apoint,  and  keep 

it  at  rest ;  required  the  anglee  at  which 

time  forces  are  inclined  to  each  other, 

Ist.  Graphical  solution. 

Draw  a  line  AB  =  4  parts  of  some 
scale,  with  A  as  a  centre  and  radius  A  C 
=  3  parts  of  this  scale;  describe  an 
are. 

Also,  with  B  as  centre,  and  radius  B  C 
=  5  parts  of  the  scale ;  describe  another 
are. 

Let  C  be  the  point  where  the  two  arcs 
intersect. 

Join  A  C  and  B  C.  Through  C  draw  C  E  parallel  to  AB  and  through  B,  BE  parallel 
*o  AC^  meeting  in  E,  Join  A  E  and  produce  A  E  to  F,  making  A  F  =:  A  E.  Then  the 
forces  which  are  to  eacb  other  as  3,  4  and  5,  acting  upon  the  point  A,  and  keeping  it  at 
rest,  will  be  represented  in  magnitude  and  direction  by  the  lines  AC,  AB,  and  AF; 
and  the  angles  being  measured  by  a  protractor,  or  any  other  means  used  for  measuring 
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angles,  it  will  be  found  that  the  angle  B  A  C  =  90°,  th©  angle  B  A  F  =  143=*  8',  and 
the  angle  C  AF  =  126"  62',  nearly. 

2nd.  Trigonometrical  solution.  g^ 


Since  3«  +  4«  =  9  +  16  =  25  =  fi*. 
The  forces  represented  by  3  and  4  must  be  [ 


\ 


at  right  angles  to  each  other,  and  their  re-  1   3 
sultant  5,  will  be  the  diagonal  of  the  rec- 
tangular parallelogram  whose  sides  are  as 
3  and  4. 

Let  a  be  the  angle  between  the  resultant 
and  the  force  represented  by  3. 
4 

Then  tan.  a==-  =  1-33333=  tan.  53°  8', 

u 

nearly. 

Hence,  by  a  reference  to  the  diagram  it  will  be  readily  seen  that  the  angle  between 

the  forces  3  and  6  is  180°  —  a  =  180°  —  53°  8'  =  126°  52',  while  that  between  the 

forces  4  and  5  is  90°  +  o  =  90°  -f  53°  8'  =  143°  8'. 

Paoblesc  III. — Three  forces  represented  by  the  numbers  3,  5,  and  9,  cannot  undsr  any  etr- 
cumstanees  produce  equilibrium  on  a  point. 
This  is  evidently  true,  since  by  Prop.  IV.,  three  forces  can  only  produce  equilibrium 

on  a  point,  when  a  triangle  can  be  described  whose  sides  are  respectively  proportional 

to  the  magnitudes  of  the  forces.    Now,  the  sides  of  a  triangle  never  can  bear  to  each 

other  the  proportion  of  the  numbers  3,  5,  and  9,  since  in  every  triangle  the  sum  of 

any  two  sides  must  always  be  greater  than  the  third,  and  3  +  5  =  8,  a  number  less 

than  9. 

If  we  attempt  to  solve  the  proplem  graphically,  we  shall  soon  perceive  its  impossi- 
bility. 

Thus,  if  we  draw  a  line  A  B  =:  9 

parts  of  any  scale,  and  with  A  as  a 

centre  and  radius  A  C  =  5  parts  of 

the  scale,  and  with  B  as  a  centre  and 

radius  BD  =  3  parts  of  the  scale,  we 

describe  two  circles ;  they  evidently 

will  not  cut  each  other  in  any  point, 

and  consequently  we  cannot  construct 

a  triangle  whose  sides  are  to  each  other  as  the  numbers  3,  5,  and  9. 

We  add  a  few  more  problems  for  the  practice  of  the  student,  taken  from  the  Cam- 
bridge Examination  Papers  and  other  sources. 

Three  forces  acting  in  the  same  plane  keep  a  point  at  rest ;  the  angles  between  the 
directions  of  the  forces  are  135°,  120°,  and  105° ;  compare  their  magnitudes. 

Four  forces  represented  by  1,  2,  3  and  4,  act  in  the  same  plane  on  a  point.  The 
directions  of  the  first  and  third  are  at  right  angles  to  each  other ;  and  so  are  the 
directions  of  the  second  and  fourth ;  and  the  second  is  inclined  at  an  angle  of  60° 
to  the  first.     Find  the  magnitude  and  direction  of  the  resultant. 

A  circular  hoop  is  supported  in  a  horizontal  position,  and  three  weights  of  4,  5  and 
6  lbs.  respectively  are  suspended  over  its  circumference  by  three  strings  knotted 
together  at  the  centre  of  the  hoop.  Neglecting  the  friction  of  the  edge  of  the 
hoop,  find  the  angles  between  the  strings  when  there  is  eqtiilibrium. 
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Three  equal  forces,  each  equiralent  to  6  lbs.,  act  on  a  point,  the  first  two  are  inclined 

to  each  other  at  an  angle  of  75**,  and  Uie  third  is  inclined  at  an  angle  of  15^  to 

the  first.     Find  the  magnitude  and  direction  of  the  resultant. 
The  resultant  of  two  fbrces  is  50  lbs.,  and  the  angles  which  it  makes  with  their 

directions  is  20"^  and  30° ;  find  the  component  forces. 
A  boat,  fastened  to  a  fixed  point  by  a  rope,  is  acted  on  at  the  same  time  by  the  wind 

and  the  current.     Suppose  that  the  wind  was  S  £,  the  direction  of  the  current  S., 

and  the  direction  of  the  boat  from  the  fixed  point  S  20°  W.,  and  also  that  the 

pressure  on  the  point  was  150  lbs.,  it  is  requiredjx)  find  the  forces  of  the  wind  and 

the  current. 
In  pulling  a  weight  along  the  ground  by  a  rope,  inclined  to  the  horizon  at  an  angle 

of  45^  I  exerted  a  power  of  40  lbs. ;  required  the  force  with  which  I  dragged  the 

body  horizontally. 
Four  forces  are  in  the  same  plane,  which  are  to  each  other  as  6,  8,  10,  and  12,  act 

upon  a  given  point,  and  are  inclined  to  a  given  line  at  the  angles  20",  40**,  80", 

and  150"  respectively;  find  the  magnitude  and  direction  of  a  fifth  force  which  shall 

balance  the  others. 

Equilibziiija  of  ft  Rigid  Body.— Having  considered  the  conditions  of  equili- 
brium of  a  material  particle  acted  on  by  any  number  of  forces  acting  in  the  same  plane, 
we  next  proceed  to  consider  the  conditions  of  equilibrium  of  a  rigid  body  under  the 
same  circumstances.  Here  it  may  be  as  well  to  repeat  what  has  been  stated  before, 
that  by  the  term  rigid  body,  we  imderstand  a  body  composed  of  material  particles  held 
together  by  unknown  molecular  forces  of  such  intensity  that  the  body  cannot  be 
altered  in  shape,  or  its  particles  in  any  way  displaced  by  any  forces  which  can  act  upon 
it.  This  rigid  body  also  possesses  the  property,  that  if  any  force  be  applied  to  it,  its 
particles  will  transmit  that  force,  imimpaired  in  intensity,  to  any  point  in  the  body, 
which  lies  in  the  line  of  direction  in  which  the  force  is  acting ;  consequently,  the  effect 
of  a  force  on  a  rigid  body  will  be  the  same  if  we  transfer  its  point  of  application  from 
any  one  point  in  the  rigid  body  to  any  other,  provided  these  two  points  are  in  the  line 
in  which  the  force  is  supposed  to  act. 

Unless  it  is  otherwise  stated,  this  hypothetical  rigid  body  is  also  considered  as  being 
destitute  of  weight. 

If  two  or  more  forces  acting  on  a  rig^id  body  are  applied  to  the  same  point  of  the 
body,  the  conditions  of  equilibrium  will  be  the  same  as  those  for  a  material  point  under 
the  same  circumstances,  for  the  same  force  which,  when  applied  to  the  material  point, 
would  counteract  the  effect  of  these  forces,  would  also  keep  the  body  in  equilibrium 
when  applied  to  the  point  in  the  body  upon  which  the  forces  act. 

PROPOSITION  X. 

Tojind  the  maynitt4de  and  direction  of  the  resultant  of  two  forces  acting  on  different  points 
of  a  rigid  body,  the  dit^ctions  of  the  forces  being  in  the  same  phtne,  but  not  parallel  to 
each  other. 

Let  a  force  P,  represented  in  magnitude  and  direction  by  the  line  A  P,  act  upon  the 
point  A  of  a  rigid  body,  and  another  force  Q,  represented  by  B  Q,  act  upon  the  point 
B  of  the  same  body.    B  Q  and  A  P  both  being  the  same  plane. 

Join  A  B.     Produce  P  A  and  Q  B  to  meet  in  the  point  C. 

Along  C  B  take  C  Q'  =  B  Q,  and  along  C  A,  C  F  =  AP.  C^r^r^n]r> 
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Draw  Q'  R'  pamllcl  to  C  F,  and  F  E'  paralld  to  C  Q^  meeting  in  R', 
Join  C  R',  and  produce  C  R  to  R,'  cutting 

MakeDR=  C  E'.  Then'DRwill  k> 
present  the  reaultnnt  of  the  forces  P  and  ft 
in  nmgnitudc  and  dirBction^ 

By  the  principle  of  the  tronsmLssion  of 
for^^es,  tic  points  A  B  and  C  hcici^  suppostd 
to  be  rigidly  conno^tcd  witb  cacli  otlier. 

The  point  of  applicatioTi  of  the  forcp  P 
may  lie  tranafumed  from  A  to  C,  and  tke 
force  d  from  B  U)  C. 

Then  the  forees  V  and  Q  acting  at  C  may 
be  replaced  by  the  Eingle  force  represented 
in  magnitude  and  direction  l^y  C  R',  Prop.  L, 
and  thk  force  may  be  traiiEftirrcd  from  C  to 
Dj  and  he  represented  in  magnitude  and 
direction  by  D  R. 

Tliis  oonstruction  inll  enahlo  ub  to  re- 
present graphically  the  restdtant  of  any  two  forces  acting  on  a  rigid  body  in  the  same 
pknc,  but  in  directions  not  paroUel  to  one  another. 

For  the  puri>ose  of  calculation,  it  vill  be  convement,  howcTer,  to  determine  the 
geometrical  relation  of  the  point  D  to  the  forecs  P  and  Q,  and  their  directions. 

Through  D  draw  D  E  porpcndiculor  to  C  A,  and  D  F  perpendicular  to  C  B ;  also 
through  F  draw  F  G  perpendicular  to  C  D. 
^  Let  a  repieeent  the  angle  A  C  D,  and  ^  the  angle  BCD. 

Then  since  by  oonstruction  F  R'  ia  partdlcl  to  C  Q',  therefore  (Euc.  B*  I.,  Prop.  27,) 
angle  CK'  F  ssongle  Q'  C  R'  =^3- 

The  angles  at  E^  F,  and  Gj  are  right  angles  by  consfa-uction. 

Hence  the  figure  wiiB.  afford  us  two  pairs  of  eimilar  triangles.      i 


L 


Since  in  the  triongleB  C  B  E,  C  GF  te  anglce  DCEondFCGaie  both  =  Oj  and 
those  at  E  and  G"  are  right  angles  (as  will  prohably  be  more  readily  perceived  in  the  annexed 
figures  than  in  the  more  complicated  figure),  it  foBowa  that  the  triangles  C  D  E  and 
C  F  O  arc   equiangular   trianglea   and  siaular   to  one  anoth^,  ojid  therefore  (Euc. 

B.  YI,,  Prop.  %) 

CD  :  DE  ::  CF  :  GF 
C  P  _  CF 
DE-GF  r- J 


Ofj  ^?;-s  = 


izGd  by 


GoQgk 


MOMENT  OF  FORCES. 


59 


Similarly,  since  tlie  angles  F  C  D  and  G  K'  F  are  both  equal  to  jS,  and  the  angles 
at  F  and  G  right  angles,  the  triangles  C  F  D  and  R'  G  F  are  similar  triangles,  and 


DF 

:  CD  :: 

GF  : 

FR' 

D  F 
°''  CD 
Multiplying  equals  together,  we  have 
CD    D  F 
DE    C  D  ~" 

GF 
""  FR' 

CF    GF 
•  GF'FR' 

and  therefore 

D  F 

C  F 

D  E  ~  FR' 

But  C  F  R'  Q'  is  a  parallelogram,  and  therefore  F  R'  =  C  Q'. 
D  F        CF  _  P 
Hence  d^  =  cQ^  -  q 

The  perpendicular  from  the  point  D  on  the  direction  of  the  force  Q P^ 

*  The  perpendicular  from  the  point  D  on  the  direction  of  the  force  P        Q 
Consequently,  the  perpendicular  from  the  point  D  on  the  direction  of  the  force  Q 

multiplied  by  Q,  equals  the  perpendicular  from  the  point  D  on  the  direction  of  the 

force  P  multiplied  by  P. 

Moment  of  Forces  and  Fulcnm.— If  we  suppose  an  axis,  H  D,  passing 

through  the  plane  in  which  the  forces  act, 
fixed  with  perfect  rigidity,  and  perpendicular 
to  that  plane  at  the  point  D,  and  then  placed 
on  a  stand,  as  in  the  accompanying  figure, 
so  as  to  allow  the  plane  to  move  with  perfect 
freedom  about  the  axis  HD,  then,  since 
the  resultant  of  the  forces  P  and  Q  acting 
at  A  and  B  passes  through  the  point  D,  their 
joint  effect  will  be  counteracted  by  the  re- 
action of  the  stand  on  the  axis  H  D.  Neglect- 
ing the  weight  of  the  plane  and  the  friction 
of  the  axis,  the  plane  will  be  in  a  state  of 
equilibrium,  under  the  infiuence  of  the  two 
forces  P  and  Q,  acting  at  A  and  B  in  the 
directions  AP  and  BQ,  together  with  the 
reaction  of  the  stand  acting  on  the  plane  at 

the  point  D  in  a  direction  opposite  to  the  resultant  of  the  forces  P  and  Q.     If  the  rigid 

body  be  reduced  to  the  rigid  line  A  B,  A  B  is  called  a  lever,  and  the  point  D  its  fulcrum. 
Since  the  conditions  of  equilibrium,  or  that  the  resultant  of  the  forces  B  and  Q 

should  pass  through  D,  are  as  above  stated,  that 

The  perpendicular  from  D  on  the  direction  of  the  force  Q  multiplied  hy  Q,  equals  tlie 

Perpendicular  from  D  on  ike  direction  of  the  force  P,  multiplied  byV;  it  follows  that  tbe 

force  P  may  be  replaced  by  a  force  S  without 

altering  these  conditions,  provided  that  the 

perpendicular  from  D,  D  K  on  the  direction 

K  S  of  the  force  S  multiplied  by  S,  be  equal 

to  the  perpendicular  from  D  on  the  direction 

of  the  force  P  multiplied  by  P. 

The  writers  on  Mechanics  have  applied  the  term  moment  or  momentum  to  this  pro- 
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duct  of  the  linear  units  in  the  length  of  the  perpendicular  from  a  given  point  on  the 
direction  of  a  force,  hy  the  units  of  force  in  the  given  force. 

Thus,  if  the  forces  P,  Q  and  S  he  represented  in  magnitude  and  direction  hy  E  P, 
F  Q,  and  S  K,  and  D  E,  D  F  and  D  K  he  the  perpendiculars  on  those  directions. 

PExDE,  QFxDF,  and  S  K  X  D  K  will  he  the  respective  momenta  or  moments 
of  the  forces  P  Q  and  S,  ahout  the  point  D. 

These  products  are  not  only  termed  the  moments  of  the  forces  with  respect  to  the 
point  D,  hut  also  the  moments  of  the  forces  with  respect  to  axis  H  D,  perpendicular  to 
the  plane  in  which  they  act. 

The  student  must  he  careful  not  to  confound  these  atatieal  mommtsj  or  momenta, 
with  the  momenta  of  dynamics ;  the  momentum  of  dynamics  heing  the  product  of  the 
mass  of  a  hody  hy  its  velocity. 

If  the  force  P  alone  were  to  act  on  the  plane  at  the  point  A,  it  would  evidently 
twist  the  plane  ahout  the  fixed  axis  H  D,  and  Q  acting  alone  at  B,  would  twist  the  plane 
ahout  H  D  in  a  direction  opposite  to  that  in  which  P  would  do  so.  The  tendency  of  P 
therefore  to  twist  the  plane  ahout  the  axis  H  D,  or  point  D,  is  counteracted  hy  the  tendency 
of  Q  to  twist  the  plane  in  the  opposite  direction  in  the  case  where  equilibrium  exists. 

"We  have  seen,  however,  that  the  tendency  of  Q  to  twist  the  hody  ahout  the  axis 
H  D,  wiU.  he  counteracted  hy  any  other  force  whose  statical  moment,  with  respect  to 
H  D  or  D,  is  equal  that  of  the  force  P. 

Mence  we  may  consider  the  statical  moment  of  a  force  about  a  given  point  or  axis,  as  a 
measure  of  its  tendency  to  twist  the  plane  to  which  it  is  applied  ahout  this  point  or  axis. 

Positive  and  Negative  Moments.— The  moments  of  those  forces  whose  ten- 
dency is  to  twist  a  hody  ahout  the  axis  or  fulcrum,  in  the  direction  in  which  the  hands 
of  a  watch  move,  are  termed  positive ;  those  whose  tendency  is  in  the  opposite  direc- 
tion, negative. 

It  will  readily  he  seen,  that  if  the  directions  of  the  forces  P  and  Q  in  Proposition 
X.  had  been  parallel  to  one  another,  the  demonstration  there  used  could  not  he  applied; 
as,  in  that  case,  the  directions  of  the  forces  could  not  he  produced  till  they  met. 

PROPOSITION  XI. 
To  find  the  magnitude  and  direction  of  the  resultant  of  two  forces  acting  on  different  points 
of  a  rigid  hody,   the  directions  of 


the  directions 
the  forces  heing  in  the  same  plane, 
hut  parallel  to  each  other. 

Let  P  and  Q  he  the  two  forces,  A 
and  B  the  two  points  in  the  plane. 

The  force  P  heing  represented  in 
magnitude  and  direction  hy  the  line 
AP,  and  Qhy  the  line  BQ. 

Then  A  P  and  B  Q  are  parallel  to 
each  other. 

Join  A  B. 

The  conditions  of  equilibrium  will 
not  be  altered  if  any  arbitrary  force  S 
I  applied  to  A  in  the  direction  A  S,  and 
n  the  opposite  direction  B  S. 
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Let  these  equal  and  opposite  forces  be  represented  in  magnitude  and  direction  by 
A  S  and  B  S. 

Consequently  A  S  ^  B  S. 

Complete  the  parallelogram  S  B  Q  T  and  the  parallelogram  S  A  P  B, 

Join  A£  and  BT. 

Then  A  B  =  B  represents  the  resultant  of  the  forces  P  and  S  in  magnitude  and 
direction,  and  may  be  substituted  for  these  forces. 

Also  B  T  =  T  represents  the  resultant  of  Q  and  S  in  magnitude  and  direction,  and 
may  be  substituted  for  them. 

Produce  A  B  and  B  T  to  meet  in  the  point  C. 

Through  C  draw  C  D  parallel  to  A  P  or  B  Q,  meeting  A  B  in  D. 

The  force  R  acting  at  A  in  direction  A  B  may  be  transferred  from  R  to  C  in  the  line 
B  A  C,  and  represented  in  magnitude  and  direction  by  0  B%  C  B'  being  =  A  B. 

Similarly  T  may  be  transferred  from  B  to  C,  and  represented  in  magnitude  and 
direction  by  C  T,  C  T'  being  equal  to  B  T. 

Through  C  draw  the  line  S  C  S  parallel  to  A  B. 

Also  through  T  draw  T  Q'  parallel  to  B  A,  meeting  C  D  in  Q',  and  T  S  paraUel  to 
D  C,  meeting  S  C  in  S. 

Similarly  through  R'  draw  R'  F  parallel  to  A  B,  meeting  C  D  in  P*,  and  R'  S  paraUe 
to  DC,  meeting  SC  in  S. 

The  paralldogram  S  C  Q'  T  is  similar  and  equal  in  all  respects  to  the  parallelogram 
S B  QT,  and  the  parallelogram  C  F  R'  S  to  the  parallelogram  APRS. 

Hence,  Prop.  III.,  the  force  R  acting  at  C,  in  the  direction  C  R',  may  be  replaced 
by  the  forces  S  and  P,  represented  in  magnitude  and  direction  by  C  S  and  C  F  ;  also 
the  force  T  acting  at  C  in  direction  C  T',  may  be  replaced  by  the  forces  S  and  Q'  acting 
in  the  directions  C  S  and  C  Q'. 

The  equal  and  opposite  forces  S  and  S,  acting  in  the  line  S  C  S,  wiU  destroy  each  other. 

And  the  parallel  forces  P  and  Q  acting  at  A  and  B  are  replaced  by  the  forces  P  and 
Q  acting  at  C  in  the  direction  C  D,  and  these  forces  again  may  be  transferred  from  C 
toD. 

Hence  the  resultant  of  the  forces  P  and  Q  acting  at  A  and  B,  will  be  a  force  P  +  Q 
acting  at  D  in  a  direction  parallel  to  the  directions  of  P  and  Q. 

To  determine  the  position  of  the  point  D . 

Since  F  R'  is  parallel  to  A  D  the  triangles  C  F  R',  C  D  A  are  equiangular,  and 
therefore,  Euc.  B.  VI.  P.  4— 

CD:AD::CF:RF,orJ5=:J^ 

Similarly  "because  Q'  T  is  parallel  to  D  B,  the  triangles  C  T*  Q',  C  B  D  are  equi- 
angular, and 

B  T)      T'  O' 
BD:CD::rQ':CQ',or^  =  i-| 

Hence  ^  BD  =  CP'    T3: 

"R  "n     p  p»     p 
But  R'  F  =  T'  a',  therefore  XB  =  ^'  =5 

,,BD,,       P  ,  1   .1,      r      BD+AD      P  +  Q 
^^  AD  +  ^  =  Q+  1'  '^'''^'''   -A D-^  =     a 
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ButBD  +  AD  =  AB.    Hence^  =  ^^±^ 


AiidAD  = 


P  +  i 


.  A  B,  whicli  determines  the  point  D. 


Or,  in  other  words,  the  distance  of  the  fulcrum  from  the  point  of  application  of  one 
of  the  forces  P,  is  equal  to  the  other  force  Q  multiplied  hj  the  distance  between  the 
two  forces,  and  divided  by  the  sum  of  the  two  forces. 

When  A  B  is  perpendicular  to  A  P  or  B  Q  we  have  since— 

BD_P 
AD~(i 
QxBD  =  P  X  AD; 
but  in  this  case  Q  X  BD  is  the  moment  of  Q  with  respect  to  D,  and  P  X  AD  the 
moment  of  P  with  respect  to  D.     Hence  in  this;  case,  as  in  the  last  proposition,  the 
moments  of  P  and  Q  with  respect  to  D  are  equal  to  each  other. 

In  the  case  we  have  just  considered,  we  supposed  the  two  forces  P  and  Q  to  be 
acting  in  the  same  direction;  when  they  act  in 
the  opposite  directions,  our  construction  will  be 
modified  as  represented  by  the  accompanying 
diagram. 

To  A  and  B,  as  before,  apply  two  equal  and 
opposite  forces  represented  in  magnitude  and  di- 
rection by  A  S  and  B  S. 

Complete  the  parallelograms  APRS  and 
B.QTS. 

Join  B  T  and  A  E,  and  produce  them  till  they 
meet  at  G. 

Through  0  draw  C  D  parallel  to  A  P  or  B  Q, 
meeting  B  A  produced  in  D. 

The  resultant  of  the  forces  S  and  Q  acting  at 
B  will  be  represented  in  magnitude  and  direction  \ 

by  B  T,  and  this  force  may  be  transferred  from  B  \ 

to  C,  and  represented  by  C  T  =  B  T.  iwi:._^' 

The  resultant  of  the  forces  P  and  S  acting  at  A  will  also  be  represented  by  A  E,  and 
this  may  be  transferred  from  A  to  C,  and  represented  by  C  E'  s=  AE. 

Through  C  draw  S  C  S  paraUel  to  B  A,  through  T',  T'  Q'  parallel;  to  AB,  T  S 
parallel  to  D  C,  and  through  E',  E'  F  parallel  to  A  B,  meeting  D  C  produced  in  F, 
and  E'S  parallel  to  DO. 

The  force  0  T*  may  be  replaced  by  the  forces  represented  by  C  Q'  and  C  S,  and  the 
force  C  E'  by  the  forces  represented  by  0  S  and  0  P^ 

But  0  S  =  B  S,  and  OS  =  A  S,  and  A  B  =  B  S  by  construction. 

Hence  the  two  equal  forces  acting  on  C  in  opposite  directions  in  the  line  SOS 
destroy  each  other,  and  the  forces  P  acting  at  A,  and  Q  acting  at  B,  are  replaced  by 
the  two  forces  C  Q'  and  C  P'  acting  on  0  in  opposite  directions. 

But  C  Q'  =  B  Q_=  Q,  and  C  P'  =  A  P  =  P. 

Hence  these  two  forces  may  be  represented  by  a  single  force  P  —  Q  acting  at  C  in 
the  direction  C  P',  and  this  force  may  be  transferred  from  C  to  D  in  the  line  0  D. 

The  resultant  of  the  two  parallel  forces,  P  and  Q,  acting  in  opposite  directions  at  the 
points  A  and  B,  will  be  a  force  P  —  Q  acting  at  D  in  B  A  produced^ 
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To  determine  the  position  of  the  point  D. 

Since  A  P  is  parallel  to  D  G,  the  angle  A  B  S  ^  angle  A  C  D,  and  the  angles  at  C 
and  D  are  common  to  the  two  triangles  A  E  S,  A  C  D. 

Therefore  the  triangles  A  E  S,  A  C  D  are  equiangular  and  similar. 

Attd  AS  :  SR  : :  AD  :  DC,  or^|  =r  ^. 

Also  because  B  Q  is  parallel  to  CD,  the  angle  TB  Q  =  angle  BCD. 
Again,  T  Q  is  parallel  to  B  D,  therefore  the  angle  QT  B  =  angle  D  B  C. 
Aad  the  two  triangles  T  Q  B,  B  D  C  are  equiangular  and  similar. 

AndBQ:QT::DC:BD,or|^  =  J^. 

Multiplying  the  equal  fractions  together,  we  haye  g^.    ^  =  g-^.   =^. 

But  QT  =  B  S  =  AS,  and  S  R  =  AP. 
"  3Q        AD        Q        AD 

Hence  ^P  =  BD»  *>^  P  =  BD* 

NowBD  =  AB  + AD,  therefore^  =  ^^V^^p. 

And  Q.  AB  +  Q.  AD  =  P.  AD,  or  Q.  AB  =  (P  -  Q)  AD. 

Therefore  AD  =  |:-^. 

This  result  might  haye  been  obtained  from  the  preyious  case  by  substituting  —  Q 
for  Q,  which  would  giye  P  —  Q  for  the  resultant,  but  the  expression  for  AD  would  be 

—    '^  Q,  the  negatiye  sign  signifying  that  the  point  D  jn  this  case  would  lie  on  a 

diffbrent  side  of  A  from  what  it  would  when  the  force  Q  was  positiye,  or  when  both 
forces  acted  in  the  same  direction. 

In  the  last  case,  that  is,  when  P  and  Q  act  in  opposite  directions,  if  P  and  Q  are 
equal,  we  cannot  represent  their  resultant  by  any  single  force. 

For  if  we  pursue  the  mode  of  construction  adopted  t 


■^ 


\ 


~R\ 


before,  we  shall  find  the  line  B  T  in  this  case  parallel    "W^ 
to  the  Une  A  R ;  and  consequently  these  lines,  if  pro- 
duced, will  neyer  meet. 

This  admits  of  an  easy  proof,  because  B  Q  is  parallel 
and  equal  to  A  P,  and  B  S  and  A  S  are  equal  to  each 
other,  and  are  in  the  same  line. 

Therefore  the  parallelogram  A  P  R  S  is  similar  and  p* 

equal  to  the  parallelogram  B  Q  T  S,  and  the  angle  P  A  R  =  the  angle  T  B  Q. 

Also  because  A  P  is  parallel  to  B  Q,  the  angle  P  A  B  =  angle  Q  B  A. 

And  by  addition,  angle  P  A  R  +  angle  P  A  B  =  angle  T  B  Q  -f  angle  Q  B  A. 

Or  the  angle  R  AB  ==  the  angle  T  B  A 

And,  by  Euc,  B.  I.,  p.  27,  R  A  must  be  parallel  to  T  B. 

Our  method  in  this  case  fails  to  discoyer  a  point  D  anywhere  in  the  Une  A  B  pro- 
duced, to  which  a  single  resultant  can  be  applied. 

This  is  indicated  by  the  formulae  which  we  haye  already  obtained  of  P  —  Q  for  the 

magnitude  of  the  resultant,  and  p'__  ^  for  A  D,  the  distance  of  its  point  of  application 
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from  A,  since  when  Q  =  P,  they  give  us  P  —  P  or  0  for  the  magnitude  of  the  resultant, 
and  ^ —     or  -^ —  the  algehraical  sign  of  infinity  for  A  D ;  a  result  which  shows 

that  our  problem  in  this  case  is  impossible. 

Couple. — ^When  two  equal  and  opposite  parallel  forces  act  at  different  points  of  a 
rigid  body  in  the  same  plane,  their  effect,  as  we  have  seen,  cannot  be  counteracted  by 
any  single  force  applied  to  the  body,  and  their  tendency  will  p 
evidently  be  to  twist  the  body  in  the  direction  of  the  plane  in 
which  ihej  act.  Thus  'P  acting  on  A  in  the  direction  A  P, 
and  P  acting  on  B  in  the  direction  B  P,  wiU  twist  the  body 
round  in  the  direction  B  A  P  or  A  B  P. 

The  term  couple  is  applied  to  such  a  system  of  forces. 

Azm  of  a  Couple. — ^The  perpendicular  distance  between 
the  directions  in  which  the  forces  producing  a  couple  act,  is 
called  the  arm  of  that  couple.  Thus  if  the  line  A  B  is  perpen- 
dicular to  A  P  and  B  P,  which  represent  the  directions  in  which 
the  forces  producing  a  couple  act,  AB  is  the  arm  of  that  couple. 

Moment  of  a  Couple. — ^The  product  of  the  arm  of  a  couple  and  one  of  the 
forces  producing  it,  is  called  the  moment  of  that  couple.- 

Thus  if  P  be  the  force  acting  in  the  direction  A  P  or  B  P,  then  P  X  A  B  is  the 
moment  of  the  couple,  produced  by  the  couple  whose  arm  is  A  B. 

This  moment  is  a  measure  of  the  tendency  of  the  couple  to  twist  the  body  on  which 
it  acts,  and  it  is  customary  to  indicate  a  couple  by  its  moment. 

Equilibrium  of  a  Couple. — Though  no  single  force  can  be  found  which  can 
counteract  the  effect  of  a  couple  on  a  rigid  body,  yet  a  couple     _  a  j^ 

may  be  found  to  neutralise  the  influence  of  another.  Thus 
if  a  force  Q,  equal  and  opposite  to  the  force  P  represented  by 
A  Q  be  applied  to  A  in  the  direction  A  Q  of  the  line  PA  pro- 
duced, and  a  similar  and  equal  force_  at  B  in  the  line  B^P 
jprQduced  to  Q. 

Then  the  force  Q  at  A  being  equal  and  opposite  to  that  of 
P  at  A,  but  in  the  same  straight  line,  will  neutralise  it. 

Similarly  the  forces  P  and  Q  acting  at  B  will  destroy  each  other,  and  the  body  will 
be  in  a  state  of  equilibrium  under  the  influence  of  two 
couples  whose  moments  are  P  X  A  B  and  Q  X  A  B, 
but  which  tend  to  twist  the  body  in  opposite  directions. 

A  couple  whose  tendency  is  to  twist  the  body  in  the 
direction  in  which  the  hands  of  a  watch  move  is  called 
a  positive  couple,  such  as  Q  X  A  B  in  the  accom- 
panying diagram ;  while  the  couple  which  would  cause 
the  body  to  move  in  the  opposite  direction,  such  as 
P  X  A  B,  is  called  a  negative  couple. 

It  is  also  convenient  to  designate  a  couple  by  its 
moments;  thus,  when  we  speak  of  the  couple  P  X 
A  B,  wo  mean  the  couple  whose  moment  is  P  X  A  B, 
AB  representing  its  arm,  and  P  one  of  the  equal 
forces  acting  at  its  extremity. 


Digitized  by 


^iQ 


J 


THEOEY  OP  COUPLES. 


en 


it  IB  more  convenient  generally  tu  represent  the  product  of  F  and  A  B  by  the 
lyrabolP-AB,  instead  of  P  X  A  B. 

Axis  of  a  Coiiple.-^'.^lie  axis  of  a  coupls  is  a  straight  line,  which  is  supposed  to 
be  drawn  perpendicular  to  iii  plane,  and  proportional  in  length  to  its  ntOfMnt. 

Thus,  if  the  arm  of  a  couple  be  4  inches  in  length,  and  the  forces  acting  at  its  ex- 
tremities be  both  6  pounds,  and  the  arm  of  another  couple  be  6  inches,  and  the  forces 
at  its  extremities  be  both  8  pounds,  the  moments  of  these  couples  will  be  represented  by 
the  numbers  20  and  48,  and  a  line  20  inches  in  length  perpendicular  to  the  plane  of  the 
first,  and  another  of  48  inches  perpendicular  to  that  of  the  second,  will  iepre«ent  their 
Vespective  axes. 

PROPOSITION  XII. 

The  arm  of  a  couple  may  he  turned  round  any  point  m  that  arm^  in  the  plane  of  the  couple, 

without  altering  the  conditions  of  equilibrium. 

Let  A  B  represent  the  arm  of  the  couple.  Pi  and  P,  the  forces  acting  at  A  and  B. 

In  A  B  take  any  point  C,  turn  A  B  round  C  into  the  new  position  A'  C  B'. 

Now  at  the  points  A'  and  B'  we  may  apply 
equal  and  opposite  forces,  Pj,  P4,  Pj,  and  P^, 
perpendicular  to  the  line  A'  B',  and  each  equal 
to  the  force  Pj  or  P,,  without  disturbing  the 
conditions  of  equilibrium  of  the  body  on  which 
the  couple  P  *  A  B  is  supposed  to  act. 

Produce  the  line  A  Pj  to  meet  A'  P,  in  the 
point  D,  and  Pj  B  to  meet  B'  Pj  in  E,  Join  C  D 
andCE. 

Because  in  the  triangles  A'  D  C  and  ADO, 
the  angles  at  A  and  A'  are  right  angles,  the 
ride  D  C  common,  and  A'  C  =1 A  C. 

Therefore  A'  D  =  A  D,  and  the  angles  at  D  and  C  are  bisected  by  C  D. 

Similarly,  it  may  be  shown  that  the  angles  at  C  and  E  are  bisQCted  by  C  E. 

Hence  C  D  and  C  E  are  both  in  the  same  straight  line. 

Since  any  force  ;nay  .he  tranaferred  from  its  point  of  application  to  any  other  point 
in  the  line  of  its  action,  we  may  remove  the  forces  Pi  and  P4  from  the  points  A  and  A' 
to  the  point  D,  and  thje  forces  Pj  and  Pj  from  B  and  B'  to  E.  For  the  sake  of  clea^»■^ 
the  new  position  of  the  forces  wiU  then  be  represented  by  the  two  following  figures — 


B 

one  representing  the  positions  of  the  two  forces  P,  and  P^,  which  haye  not  had  their  points 
of  application  altered,  foxpaing  a  couple,  and  acting  at  the  extremitiea  of  the  sra  A'  B*; 
and  theothei^,  the  pqsitLons  of  the  forces  whose  points  of  application  hare  been  changed. 
Now,  completing  the  parallfilograos  Pj  D  P4  B  and  £  P,  B'  P« ;  D  R  aod  E  R'  thei? 


▼0L.IX. 
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diagonals  wiU  represent  the  resultants  of  the  forces  P^  and  F3  acting  at  D,  and  P,  and  P^ 
acting  at  E.  And  since  the  four  forces  Pi,  P4,  Pj  and  Pg  are  .equal,  as  are  also  the  angles 
at  D  and  E ;  the  forces  represented  hy  D  R  and  E  R'  will  be  equal ;  and  since  they  attain 
opposite  directions  in  the  same  straight  line  D  C  E,  they  will  counteract  each  other. 

Hence  on  the  whole  we  have  replaced  the  couple  P  •  A  B  by  the  comple  P  •  A'  B', 
without  altering  the  conlitions  of  equilibrium. 

PROPOSITION  XIII. 
The  effect  of  a  couple  will  not  be  altered  if  its  arm  be  removed  to  anf/  position  parallel  U 
itself  either  in  its  oum  plane  or  else  in  oneparall^  to  it. 
Firstly  let  the  arm  A  B  of  the  couple  P  •  A  B  be  remoyed  to  the  new  position  A'  B' 

(Fig.  1),  A'  B'  being  parallel  and  equal  to  A  B 
and  in  the  same  plane. 

The  conditions  of  equilibrium  will  not  be 
altered  if  we  apply  to  A'  two  forces  P3  and  P4, 
acting  in  opposite  directions  perpendicularly  to 
A'  B',  and  both  equal  to  Pi  or  Pj. 


Fig.  1. 

Similarly  we  may  apply  at  B'  the 
forces  P5  and  Pg,  each  equal  to  the 
former  and  perpendicular  to  A'  B\ 

Join  A'  B,  A  B'  meeting  in  0. 
Then  since  A  B  is  parallel  and  equal 
to  A'  B',  we  have  in  the  triangles 
A  B  C,  A'  B'  C,  the  angles  at  A 
•nd  B  equal  to  the  angles  at  B'  and 
A',  and  also  A  B  =  A'  B'.  Hence 
A  C  =  B'  C  and  B  C  =  A'  0. 

Now  for  the  sake  of  clearness  we 
may  suppose  the  six  forces  repre- 
sented above  divided  into  two  groups, 
as  in  Figs.  2  and  3,  one  (Fig.  2)  con- 
sisting of  the  arm  A'  B'  acted  on  by 
the  equal  and  opposite  forces  P3  and 
Pf,  forming  a  conple  P  *  A'  B' ;  and 


f1g.«. 


the  other  of  the  four  equal  and  parallel  forces ;  Pi  and  Pq  acting  at  A  and  B'  in  one 
direction,  and  P4  and  P|  at  A'  and  B  in  the  opposite  direction. 
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Now  Dy  Ptop.  XI.,  since  A  C  =  F  0  and  F|  ==  F«,  P|  and  F5  acting  at  Aand  B* 


will  be  equivalent  to  a  single 

force  C  Ri  =  2  P  acting  at  C 

in  the  direction  0  Rj  parallel  to 

1  Pj  or  B'  Pj.     Similarly  P4  and 

Pji  acting  at  A'  and  B  will  be 

equivalent  to  C  Rj  =  2  P  acting 

at  C  in  the  direction  C  R3  paral- 
lel to  A'  P4  or  B  Pa-     But  the 

two  equal  forces  G  R^  and  C  R^ 

acting  on  C  in  opposite  direc- 
tions in  the  same  straight  line 

will  counteract  each  other. 
JLence  the  group  of  forces 

Pi,  Pa,  P4,  and  Pj  will  neutralise 

each  other,   and  we  shall  only  ^ 

have  the  effect  of  the   couple  Fig.  4. 

P  '  A'  B'  left,  as  represented  in  the  other  group  (Fig.  4). 

On  the  whole,  tiierefore,  we  have  replaced  F  *  A  B  by  the  couple  P  *  A'  B',  the  arm 

A'  B'  being  parallel  and  equal  to  the 
arm  AB  and  m  the  same  plane  with  it 
Secondly,  let  the  arm  A  B  be 
removed  to  the  position  A'  B'  paral- 
lel to  A  B,  in  a  plane  parallel  to  the 
plane  of  the  couple  P  •  A  B  (Fig.  4). 
Let  D  E  H  I  represent  the  plane 
of  the  couple  P  •  A  B,  if  G  K  L  a 
plane  parallel  to  D  £  H  I,  the  plane 
to  which  the  aim  A  B  is  supposed  to 
be  removed. 

For  the  sake  of  clearness  we  may 
consider  these  planes  as  opposite  faces 
of  the  parallelopiped  B  £  F  G  H  I 
KL. 

Then  A'  B',  the  new  position  of 
the  arm,  will  b<»  drawn  in  the  plane 
F  G  £  L,  parallel  and  equal  to 
A  B  in  the  plane  D  E  I  H. 

Join  A  B',  B  A'  meeting  in  0, 
and  apply,  as  in  the  preceding  case, 
equal  and  opposite  forces  P3,  P4,  Pg, 
Pf  at  A'  and  B',  each  equal  and 
parallel  to  P,  or  Pj.  Then  £uc., 
B.  zi..  Prop.  2,  the  triangles  ABC, 
A'  B'  C  are  in  the  same  plane,  and 
as  in  the  preceding  case  A  C  =  B'  C 
and  A'  C  =  B  C. 
The  poiaDel  forces  Pj  and  P,  acting  at  A  ind  B'  are  equivalent  to  C  R|^2Pactiag 
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&t  C  parallel  to  P^  or  Pq  ;  and  the  parallel  forces  P,  and  P4  acting  at  B  and  A'  «r 
equivalent  to  C  Bj  =  ^  ^  acting  at  C  parallel  to  P,  or  P4.  The  forces  C  R|  and  G  B^ 
neutralise  each  other,  leaving,  as  in  the  previous  case,  the  forces  Pg  and  P^  acting  at 
A'  and  B'  as  a  couple  P  •  A'  B'. 

Combining  the  two  last  proportions,  we  see  that  the  arm  of  a  couple  may  be  trans- 
ferred from  any  position  in  its  own  plane,  to  any  other  position  in  that  plane,  or  to  any 
plane  parallel  to  it. 

Thus,  if  we  wish  to  transfer  the  couple  P  *  A  B  (Fig.  5)  to  the  position,  in  which 
one  extremity  of  its  arm  shall  correspond  to  the  point  D,  and  the  arm  itself  be  in  the 
direction  D  E,  all  we  have  to  do  is  to  take  any  point  C  in  A  B,  and  through  C  draw  F  G 
parallel  to  D  E.  Then  by  Prop.  XII.  P  *  A  B  may  be  transferred  to  the  position 
P-FG,  and  from  that  by  Prop.  XIII.  to  the  position  P'DH.  FG  and  DH  being 
both  equal  to  A  B. 

PEOPOSITION  XIV. 

Couples  acting  in  the  eamepkme  or  in  planet  parallel  to  each  other,  wUl  be  equal  if  their 

moments  be  equal. 

Let  P  *  A  B  (Fig.  1}  be  a  positive  oouple,  and  Q '  D  E  (Fig.  2)  a  negative  one, 

either  acting  in 
the  same  plane 
with  PA  B  or 
else  in  one  paral- 
lel to  it.  P  being 
greater  than  Q, 
and  D  E  greater 
than  A  B. 
Then  the  couple 
Q'B  E  can  be 
transferred  00  as 
to  have  its  arm 
in  such  a  position 
that  one  extrem- 
ity D  shall  coin- 
cide with  A  (Fig. 
1),  and  its  ann 
be  the  same  line 
as  A  B.  This 
is  represented  in 
Fig.  3,  A  F  being 
equal  to  D  £. 
Now,theoppo6ite 
forces  P  and  Q 
acting  at  A,  are 
equivalent  to  a 
single  force  P — Q 
acting  at  A  in  the 
'  direction  A  P,  as 
shown  in  Fig.  4. 

Hence  the  effect  of  the  two  opposite  couples  P-ABandQ'DEonthe  rigid  body. 
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en  which  they  are  8i4>po8ed  to  act,  will  be  equiyalent  to  the  three  parallel  foroet  P^-Q) 
P  and  Q  acting  at  the  points  A,  B  and  F  in  the  same  straight  line  A  B  F. 

Now,  if  these  couples  P  *  A  B  and  Q  *  D  £,  are  such  as  to  neutralize  each  other  or 
produce  equilibrium,  the  equilibrium  will  not  be  disturbed  by  the  alteration  we  have 
made  in  the  position  of  their  arms.  Hence,  the  parallel  forces  P — Q,  P  and  Q  acting 
in  the  points  A,  B  and  F  in  the  line  A  B  F,  must  in  this  case  produce  equilibrium,  and 
by  Prop  XI.  we  shall  have 

(P— Q)AB  =  QBP 

or    PAB=:QAB  +  QBF  =  a(AB  +  BF)=:QAF  =  QDE; 

which  shows  that  the  moments  of  the  two  couples  are  equal.    But  a  negative  couple 

P '  A  B  would  counteract  the  positive  couple  P '  A  B  if  their  arms  were  in  the  same  position. 

Hence,  two  negative  couples  will  be  equivalent  to  each  other  if  their  moments  be 
equal,  provided  only  that  they  act  in  the  same  plane  or  in  planes  which  are  parallel  to 
each  other. 

The  same  reasoning  will  apply  to  positive  couples. 

PEOPOSITION  XV. 
lb  JIhd  the  resultant  couple  of  two  couples,  which  do  not  act  in  the  $ame  jtlane  on  a 

rigid  body. 
For  the  sake  of  clearness,  we  shall  suppose  the  planes  in  which  the  two  oouplM  act, 

^^  „  r, 


represented  by  the  open  pages  of  a  book  E  F  6  H  K  L,  standing  upon  a  table  (Fig.  1), 
and  inclined  to  each  other  at  an  angle  B,  EH  will  be  the  intersection  of  the  two  pages 
or  planes,  which  are  both  supposed  to  be  perpendicular  to  the  sur&ce  plane  of  the  table. 
Let  P  *  A  B  be  the  couple  acting  in  the  plane  L  £  H  K,  Q  *  C  D  that  acting  in  the 
plane  fi  F  G  H. 
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By  the  provioua    propomtion  tht  couple  F '  A  B  may  ba  itplacecl  'by  the  couple 
F  -  E  H  actiug  in  the  Hume  plane  L  E  K  K 
povided  F  ■  E  H  =   P  "  A  B, 


la  H  K  take  H 


F-P.^3 
^  —  "^   EH 


Pig.  2. 


L 


Vtfidnve  L  E  to  F  and  make  E  P'  =  H  F. 

Tben  F  E  H  F  will  reprf^ent  in  magni- 
tuJe  and  direntioa  the  oouple  F  '  EH  whioli 
replaces  P  ■  A  B, 

In  u  Bimilar  manner  Q'  E  II  Q'  'will  re- 
present in  magnitnde  and  direction  the 
couple  Q'  *  E  H,  which  wiB  leplatte  Q  ■  D  C 

C  D 
provided  ft'Hor  Q'  —  Q  ■  .^r-Fr- 

CompleUng  the  parallelogram  F  H  Q'  R  on  the  plane  of  the  table,  and  joining  H  E^ 
fl  E  iU  diagonal  will  rcpreeent  a  force  R  tn  magnitude  and  directionj  whi<;h  wiU 
replace  the  forces  P'  and  Q\ 

Sinue  the  plane  of  the  table  Is  at  right  angles  to  the  pUwm  E  F  G  H,  and  L  E  H  K, 
and  confltKjuently  Euc.  B.  xi.  Prop.  19  to  their  intere^iction  E  H.  Therefore  H  E  ir» 
the  plane  of  the  table  will  be  at  right  anglca  to  E  H, 

Similarly,  P'  and  Q'  acting  at  E  wiH  be  replaced  by  a  ibroe  B,  repri?aented  hy  E  n 
acting  at  right  angles  to  E  H. 

Hence,  on  the  whole  we  haye  mplaned  the  coTiples  P  -  A  B  and  Q  •  C  D,  hy  ft  single 
eouple  It  ■  E  H,  whose  aroi  lies  in  the  intersection  of  the  planes  in  which  the  coiiiples 
P-ABandQCDaet. 

Let  us  now  suppose  the  parallelogram  H  Q'  E  F,  which  we  hare  previoualy  drawn 
on  the  plane  of  the  table,  to  be  drawn  as  in  Fig.  2,  on  the  plane  of  the  paper. 

Draw  H  M  perpendicular  to  H  Q\  II  0  perpendicidar  to  H  lU  and  H  N  perpen- 
dicular to  H  F. 

Then  i£  d  ^  angle  Ct  H  F,  M  H  1^^  wiU  s=  fl^  the  angle  MHOwill=;CrHE, 
and  N  H  0  =  F  H  R. 

TakeHM=Q  ■  H  E,  H  0=  R*  H  E,  and  H  N  =  F  '  H  E.    Join  M  0  and  N  O. 

Then  H  M,  H  0,  and  H  N  wiU  be  the  axea  of  the  couples  Q'  -H  E,  R  -  H  E, 
and  F  ■  H  E- 

Because  H  F  R  Q'  Is  a  parallelograni  j  therefore,  th^  angle  H  F  R  ;i^  1  SO' — B  and 
Trigonometry,  page  322. 

HR3  =  HP'3  +  FRa  — 2HF   FRcoaHFE:=HP'^  +  FE^  +  2HFFR-cofl# 
or    R^  =  Fa-|-Q'^-l-2F(i'coBa 

Multiplying  both  sides  of  the  above  equation  by  H  E^,  we  have 

Rs  •  H  E2  ^  F3  '  H  E3  -)-  Q'^  ■  H  Es  -)-  2  '  P^  -  H  E  ■  Q^  ■  H  E  coft  I 
but  H  M  =  d' '  H  E,  H  O  =  R'  H  E,  and  H  N  ^F  ■  H  E  by  confltmction. 

HenoOj  auhatituting  theee  valucB  m  the  equation^  we  have 
nO«:=HNa  +  HM^H-2HNnMces0^HN^-l-HM^  — 2HK-HMcoaNHM, 

An  equation  which  is  identically  the  same  a?  that  wo  should  arrive  at  if  we  mippoa* 
H  M  0  N  a  parallelograia  whose  diagonal  ^  H  0* 
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Hence,  if  two  eidtse  of  a  parallelogram  lepreeent  the  axes  of  two  component  eonploa; 
its  diagonal  represents  the  axis  of  the  resultant  couple. 

Similarly  it  may  be  shown  that  if  the  three  edges  of  a  parallelopiped  represent  the 
axes  of  three  component  couples,  the  diagonal  of  the  parallelopiped  will  gire  the 
magnitade  and  direction  of  the  axis  of  the  resultant  couple. 


PE0P08ITI0N  XVI. 

When  anif  number  of  eouplee  net  in  the  eame^  or  in  parallel  pUmet{  the  moment  of  the 
reaUUamt  eouple  is  the  algebraical  earn  of  the  wtomenie  of  the  eompomnt  eouplee. 


LetPi'AiBi,  Pa 
eouple  acting  in 
&e  same  plane. 

Draw  any  ar- 
bitrary line  C  D, 
and  apply  at  op- 
posite extremities 
of  it,  two  equal 
and  opposite 
forces  Qi,  suoh 
that  Qi  •  C  D  = 
PjAi  Bi  or  Qi 

-^^  "CT' 
Then  Prop.  XIV. 
the  couple  Pi  *Ai 
B^  may  be  re- 
plaoed  by  the 
eouple  Qi  •  C  D. 

Similarly  apply 
at  C  and  I)  two 
additional  equal 
and  opposite 
forces  Qs  ^^^^ 
that 


A^  Bji,  P,  *  A^  B,  be  three  positiTe,  and  P4  *  A4  B4  a  negati?e 


Qa  =  P, 


.A,B, 
CD 


The  couple  P. 


A,  B2  may  be  replaced  by  the  couple  Qa  *  C  D. 

Also  the  couple  P, 


A,  B,  may  be 
couple   Qs'O    D, 

l3  =  P,-^^ 


replaced   by  the 

provided  vt,— .x,   -^^ 

If  one  of  the  couples  as  P4  *  A4  B4 
acts  in  the  opposite  direction  to  the  • 
others,  it  will  be  replaced  by  the  couple 


C  D,  where 


0*=^%!* 


Ihe  force  Q^  acting  in  the  opposite  direction  to  the  forces  Qi,  Q3  and  Q^ 
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Hence,  on  the  whole,  we  have  replaced  tsie  four  couples  Pj  •  Aj  Bj,  P,  •  A^  B2, 
Pj '  A3  B3,  P4  *  A^  B4,  acting  in  any  direction  on  a  rigid  body  in  the  same  plane  by  four 
ooupleft,  octiDg  at  the  extremities  of  the  same  arm. 

This  iH  evidently  equal  to  a  single  couple  whose  arm  is  C  D,  with  equal  and  oppooW 
foroea  Qi  +  Q^  +  Qs  —  Q4  acting  at  each  extremity. 

Hence  we  have 
(Qi  +  Qs  +  Q3-Q4)CD  =  Q,0  D+Q,-C  D  +Q3C  D  -CU'O  D 
=  Pi  •  Ai  Bi  +  Pj  •  A2  B2  +  P3  •  A3  B3  —  P4  •  A4  B4 
or  tha  FGauItaTit  cou^  is  the  algebraical  sum  of  the  moments  of  the  component  ooui^ea. 

The  aome  reasoning  may  be  extended  frbm  four  to  any  nuniber  of  couples^  and  by 
Prop.  XII  I.  to  cxmples  acting  in  parallel  planes. 

Theory  of  Couples. — ^The  piropositions  from  12  to  16  contain  the  fundamental 
print^iplcs  of  what  has  been  called  Hie  theory  of  couples  ;  for  this  beautiful  theory,  which 
was  introduce  Into  the  scisrce  of  Mechanics  about  forty  years  since,  we  are  indebted 
to  the  distinguMhed  mathematician,  M.  Poinsot.  After  we  have  extended  our  11th 
pT^ositit^n  from  two  to  any  number  of  parallel  forces,  we  shall  again  return  to  the 
theory  of  couples,  and  determine  by  its  aid  the  conditions  of  equilibrium  for  any  number 
of  forces  acting  on  a  rigid  body, 

pnoposiTioisr  XVII. 

Tojif^  the  magnitude  and  direction  of  the  resultant  of  any  number  of  pwMet  forces 
acting  on  a  rigid  body  in  the  same  plane. 

Let  four  parallel  forces,  P^,  Pj,  P3,  and  P4,  acting  in  tiie  same  plane  oH  the  points 


Ai,  A2,  A^  and  A4,  be  lepresented  in  mag^utude  and  direction  by  Aj  P^,  A^  Pj,  A^  P3, 
and  A4  P4. 

Join  Ai  A^t  then  by  Prop.  XI.  Bi  Q,  =  Pj  -|-  P,  applied  at  a  point  Bj  in  A^  A, 
■uch  that  ^    T»  1*2 


A,B,  =  i 


-Ax  A, 


P.  +  P» 

■ttd  drawn  panUel  to  Ai  P^  or  A,  P,  will  lepresent  Qi  (ihe  resultant  of  the  parallel 
fanes  P,  and  Pj  in  magnitude  and  direction. 

Then  join  B|  A„  in  B,  A(  take  a  point  Bj  such  tiiat 

tSirough  B^  draw  B|  QspfOaUel  to  A,  P,  and=  Pj  +?,+  P,. 
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Bj  Qs  will  represent  Q,  tlie  lemdtaat  of  P,  tad  Q^  or  of  Pj,  P,,  and  P|  in  magnituda 
and  direction. 

Again,  join  B,  A4  in  B,  A4,  take  a  point  Bg  aoch  that 


B2B3  =  j 


r+p;^»^-p,  +  p,  +  p,  +  p,^»^* 


Through  B,  draw  Pg  Q,  =  Q,  +  P4  ;=  Pi  +  P,  +  P3  +  P4  parallel  to  A4  P4. 

Then  B3  Q^  will  represent  Q3  the  restiltant  of  the  forces  Q,  and  P4,  or  of  the  four 
parallel  forces  P^  Pjt  Pgy  and  P4  in  magnitude  and  direction. 

The  same  reasoning  maj  be  extended  to  any  number  of  parallel  forces. 

It  is  sometimes  far  more  convenient  to  refer  these  Yarious  points,  A^,  A^  Ag,  A4, 
Bj,  B2,  B3,  &o.,  to  two  fixed  arbitrary  lines  or  axes  drawn  at  right  angles  to  each  other, 
as  in  Props.  VIII.  and  IX. 

Let  0  X  and  0  T,  drawn  throagh  the  point  0  at  right  angles  to  eadh  other,  be 
chosen  as    arbitrary  rectan- 
ffular  ogees,  to  which  the  points 
A^,  Ag,  &c.,  B|,  B21  &c.,  are 
to  be  referred. 

Through  A^,  Bj,  and  Ag 
drawA^  ^iv.^!  ^i«  ^^'^  -^  ^a 
perpendicular  to  0  X. 

Then  the  lines  0  M^  and 
Ml  Ai,  which  determine  the 
position  of  the  point  A^  with 
respect  to  the  axes  0  X  and 
0  T,  are  csiiled  the  reetan'  1 
gular  ca-ordinatea  of  th$  point  ) 
A.  ( 

Similarly,  0  Nj  and  Ni  Bj   > 
are  the  rectangular  co-ordi-    \ 
nates  of  Bi;   and  0  Mj  and     \ 
MjAjare  those  of  the  point  Aj.       \ 

Let  0  Ml  be  represented  j 
by  the  symbol  «i,  0  M ,  hy  / 
«2,  Ai  Ml  by  yi,  and  A-j  Mj     ' 

Through  A,  di^w  Ay  R 
parallel  to  0  X,  cutting  Bi  Ni 
in  S  and  A2  M2  in  R. 

Then  firom  the  construction  of  the  figure,  it  is  evident  that  the  angles  at  S,  R,  Mj, 
K,  and  M,  are  right  angles ;  consequently  Aj  S  =  Mi  Nj^  Aj  E  =  Mj  M„  and  also 
Ai  Ml,  S  Nj,  and  R  Mj,  are  eq^  to  each  other. 

Now,  by  the  previous  part- of  the  proposition,  the  point  Bi  was  so  taken  in  A^  Ag  that 


AiBi=:. 


■Pi+Fa 

Again,  beoanse  Ag  R  is  parallel  to  Bj  S,  therefore  Euc.  B,  vL  p^  2» 
Ai-  Bj.       Ai  S        Bj  8 
Ai  Ag- """  A|  A  """  A-i  R  * 
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^^*  AiE  —  MiMa  —  OMa  — OMi—   «8— «i    ' 
Hence,  since  |l|  =  ^  =  p-^^, 

we  have   — -LI^^;  ^— £— . 

And  ONi  (Pi  +  Pa)  — Piar»  —  P^aJi  =:Pj«j  —  P,a?i. 
Hence  ONi  (Pi  +  P^)  =  Pi^i  +  Pa«a. 

AndONi=^-l|Lt|^. 

Again,  gig --^'^^"^^^-^^^^--^^^^^^i^'-y^ 
Bi  S       Ai  Bi  _       P2 

^^*ArR-ArA;-pr+p7- 

Hence  ^^^^^^ ?^ 


And  (Bi  Ni  -  yO  (P^  +  P^)  =  P2  ^3  -  P2  ^i- 
OrBiNi(Pi  +  P2)-Piyi-P2yi  =  P2y2-P2yi. 

AndB,N,  =  ?l|ii|^. 

I^  now,  from  B2  and  A3  we  draw  Bj  Nj  and  A3  M,  perpendionlflr  to  0  X,  and  repre- 
sent 0  M3  by  Xq  and  Ag  M3  by  ^3. 

Then,  by  a  similar  construction  and  demonstration  to  that  used  for  the  points  Ai,  B| 
and  B2,  we  can  show  that 

gij^       Biyi  —  Bayg,    BiNi  — BaNa 
BiA3~BiNi-A3M3-    BjNi-yj    • 

B  B  P 

But  it  has  been  shown  that  ^^-jr  =  5 — ,   -a^  .   t>  . 
J^i  A3       }fi-\-  Pa  +.  Ps 

^  P3  B,Ni  — BaNa 

Hence  ^.^^p^-^p^^    B^N.-k    ' 

OrP3-B,Ni-P3y3  =  BiNi(Pi  +  Pa)  +  P3-BiNi-BaNa(Pi  +  Pa  +  P3). 

But  BiNi  =  ?i|i-±-^^  orBi  Ni(Pi  +  Pa)  =T,  yi  +  Pay2,  and  substituting 

this  value  in  the  above  equation,  and  transposing,  we  have  Bg  N,  (P^  +  Pj  +  Pj)  = 

Piyi  +  P2y2  +  P3y3- 

OrBaNa-        P,  +  P,  +  P,       • 

In  a  similar  manner  it  may  be  shown  that 

ON  — Pi  a?i  +  P2  ^  +  ^8 ^ 

If,  now,  perpendiculars  B3  Nj  and  A4  M4  be  drawn  from  B3  and  A4  to  0  X, 
And  0  Mi  =  ^n  and  M4  A4  =:  ^4,  we  shall  have  by  the  carrying  out  the  same 
method  of  demonstration 

^^»- — FH^PnrFT+T* • 
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We  might  pioeeed  from  the  otw  of  four  fbroet  to  fire,  from  At*  to  dz,  and  80  oo; 
Mthat,  assuming  the  symbob  c  and  y  to  icpiowmt  the  leotangular  oo-oidinatet  of  the 
point  of  application  of  the  resultant  of  <•  parallel  forces  Fi,  Fj,  F^  to.,  F,  tefbned  to  the 
uUtiaiy  axes  0  X  and  0  T;  we  shall  hare 

-      F.».  +  F.«.  +  F.».  +  ftc.  +  F.«. 
•-^        ^• 
-      F.y.  +  F.y,  +  F.y.4.Ao,+F.y. 
^^y-  F.  +  F.  +  F,  +  &o.,  +  F.         • 

If  any  of  the  forces  act  in  an  opposite  direotion  to  the  others,  they  must  be  taken 
with  the  negative  sign ;  the  oo-ordinates  of  the  yarious  points  of  application  of  the  forces 
must  also  l)e  taken  with  the  proper  signs,  determined  by  their  position  with  regard  to 
the  axes. 

PROPOSITION  xvra. 

ToJSnd  ike  fnagnUud$  <md  Uncium  of  th$  rmUtant  fora  miA  rttidtatU  cotipk  ofmifnMm-' 
her  offoreu  acting  m  a  rigid  body  in  ih$  otuno  piano,  and  tko  oonditiom  mdor  which 
thero  will  bo  oguilibrium. 

Let  Pi,  Pa,  Ps,  and  P4,  be  four  forces  represented  in  magnitude  and  direotion  by 
•A-i  Pi>  Ag  Pj, 


A4P4;  acting 
on  a  rigid 
body  in  the 
same  plane. 
AijA^yAgjand 
A4,  being  the 
points  of  ap- 
plication of 
tiieae  forces  to 
the  rigid  bo- 
dy. In  the 
phmeiavMch 
the  forces  act, 
take  any  two 
straight  lines 
0  X,  O  T,  at 
--ht    angles 

eadi  other 
rectangn- 

raze.         s 
Let  0  Ml  =  r|,  A^  M|  ^  y^  be  the  reotangnlar  co-ordinates  of  A|,  refeired  to  the 

KsOXandOY. 
0M,=  «3,  A,M2  =  yj,  those  of  A^;  0  M,  =  «8,  A,M,  =  y,  those  of  A3;  and 

M4  =: x^  A^H^zz y^tbose  of  A4 
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Also  let  oj,  oj,  o-j,  aiid  a^  be  the  angles- AatAj  P^,  ^  P,,  A,  Pj,  and  A4  P4  make 
with  lines  drawn  through  Aj,  A,,  A3,  and  A4  parallel  to  0  X. 

For  the  sake  of  cleamess  we  will  first  ocmfiae  our  aittention  to  the  lorce  P^,  aciing  at 
the  point  A^. 

Through  0  (Fig.  2)  draw  0  (»i  at  right  angles  to  Pj  A^  produeed. 
Also  through  0  draw  Pi"  P/"  parallel  to  Aj  P^. 
Make  0  P/'  and  0  Pi'"  both  equal  to  Aj  Pp 

Then  without  disturbing  the  equilibrium  of  the  body  we  may  introduce  two  equal 
and  opposite  forces  P^  represented  in  mag^tude  and  direction  by  0  P/'  and  0  Pi'", 

acting:  at  O^  and  also  transfer  the  point  of 
application  of  Pi  &om  Aj  to  ai. 

Hence,  on  the  whole  the  effect  of  the 
force  P'l  acting  at  Ai  is  equivalent  to  a  force 
Pi  acting  at  0  in  the  direction  0  Pi"  paral- 
lel to  Ai  Pi,  and  two  equal  and  opposite 
forces  represented  in  magnitude  and  direc- 
tion by  0  Pi'",  «!  Pi'  acting  at  right  angles 
to  0  «i  and  forming  a  couple  Pi  •  Oa  „  or  a 
oonple  whose  moment  is  Pi  multiplied  by 
the  perpendieular  from  0  on  the  line  Ai  Pj 
produced. 

In  a  similar  manner  the  force  P,  (Fig.  1) 
acting  at  Ag  may  be  replaced  by  a  force  P, 
aeting  at  0,  parallel  in  direction  to  A^  Pj 
and  a  couple  whose  moment  is  P^  multi- 
plied by  the  perpendicular  jfrom  0  on  A^  Pj 
produced. 

The  force  P3  acting  at  A3  may  be  re- 
placed by  a  force  P3  acting  at  0  parallel  to 
A3  P3,  and  a  couple  whose  moment  is  ^3 
multiplied  by  the  perpendicular  from  0  on  A3  P3  produced. 

And,  lastly,  P4  acting  at  A4  may  be  replaced  by  a  force  P4  acting  at  0  parallel  to 
A4  P4,  and  a  couple  whose  moment  is  P4  multiplied  by  the  perpendicular  from  0  on 
A4  P4  produced. 

On  the  whole,  therefore,  the  forces  Pi,  Pg,  P3,  and  P4  acting  at  the  points  Ai,  A^,  A3, 
and  A4,  nfay  be  replaced  by  forces  Pi,  P^,  Ps,  and  P4,  all  acting  at  0  in  directions  parallel 
to  Ai  Pi,  A,  P2,  A3  P3,  and  A4  P4,  whose  resultant  will  be  a  single  force  whose  magni- 
tude and  direction  may  be  found  by  Prop.  II. ;  and  four  couples  whose  arms  will  have 
a  common  extremity  0,  and  whose  moments  will  be  equal  to  Pi,  Pg,  P3,  and  P4,  each 
respectively  multiplied  by  the  perpendicular  from  0  on  the  original  direction  of  the 
fbree ;  or  on  Ai  Pi,  A,  Pg,  A3  Pg,  and  A4  P4  produced. 

By  Prop.  XYI.,  these  four  couples  wHl  be  equindent  to  a'  single  oduple  whose 
moment  is  equal  to  the  algebraical  sum  of  their  moments. 

The  single  resultant  force  acting  at  O  shows  the  tendency  of  the  four  forces  P^  Pg^ 
.P3,  and  P4,  acting  at  0  to  move  0  in  some  rectilinear  direction,  while  the  resultant  coupl') 
gives  their  tendency  to  twist  the  body  itr  sbme  direetichi>  round-  the  point  0. 

In  order,  therefore,  that  the  rigid  body  should  be  in  equilibrium  when  act^d  on  by' 
these  forces,  tiiese  resultiantB  must  eaeh  be  equal  to  nothmg,  since  if  the  resultant  force 
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lone  were  equal  to  nothing,  the  resultant  couple  would  twist  the  body  round  O,  aa  a 
fixed  point ;  or  if  the  moment  of  the  resultant  couple  alone  were  equal  to  nothing,  the 
body  would  move  so  as  to  keep  0  in  a  straight  line. 

Hence  the  conditions  of  equiliMum  of  four  forces  P^,  P,,  Pj,  and  P^,  anting  on  a 
rigid  body  in  the  same  plane  at  the  points  A^,  A^  A3,  and  A4  in  the  directions  P^  A^. 
P2  A2,  P3  A3,  and  P4  Aa  are  two. 

Fh^st. — The  resultant  of  four  forces,  respectively  equal  to  P^,  Pj,  P3,  and  P^,  acting 
on  any  point  0  of  the  body,  in  directions  respectively  parallel  to  A^  P^,  A,  Pj,  A3  P„ 
and  A4  P4,  must  he  equal  to  zero. 

Sewnd, — ^The  algebraical  sum  of  the  moments  of  the  four  couples,  whose  arms  are 

the  perpendiculars  drawn  from  0  on  A|  P|,  A^  Pj,  A,  P3,  and  A4  P4  produced,  and 

■  ■-r~.>^,^ ,__^ whose  forces  are   respectively 


Fig.  4. 


equal  to  Pi,  P2,  P,,  and  P4,  must 
likewise  be  equal  to  zero. 

This  latter  condition  is  tech- 
nically called  taking  the  mo- 
ments about  the  point  0. 

The  reasoning  above  used 
for  four  forces  may  readily  be 
extended  to  any  number;  it 
must  also  be  observed  that  the 
position  of  the  point  0  is  per- 
fectly arbitrary  in  the  solution 
of  problems.  It  is  generally  so 
ehosen  as  to  facilitate  the  solu- 
tion, and  to  avoid  unnecessary 
labour. 

Instead  of  pursuing  the  pro- 
ceeding method,  it  is  frequently 
advisable  to  resolve  each  of  the 
forces  P„  Pj,  Pj,  and  P4  into  two,  a  cting 
n  directions  parallel  to  the  arbitrary 
0  X  and  0  Y    (Fig.  1),    as  in 
Props.  VIII  and  XI. 

Confining*  as  before,  our  attention 
first  to  the  force  P^,  acting  at  A^  in  the 
directiop  A^  Pj. 

Through  Ai  (Fig.  3)  draw  Ai  Xj  and 
Ai  Yj  parallel  to  0  X  and  0  Y  respec- 
tively ;  and  through  Pj,  Pj  Xj,  and  Pi 
Yj  perpendicular  to  Aj  Xj,  and  A^  Yj. 
Again  through  Aj  draw  Aj  Ni  perpen- 
dicular to  0  Y,  and  Aj  Mj  perpendicular 
to  OX. 


The  force  Pi  acting  at  Aj  may  be  replaced  by  two  forces  Xj  and  Yj  at  right 
vngles  to  each  other,  represented  in  magnitude  and  direction  by  Ai  Xi  and  Aj  Yi 
(Prop.  III). 

Without  disturbing  the  conditions  of  equilibrium,  two  equal  and  opposite  foroes 
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repf€f}«iitod  in  magnitude  and  dircctioii  hy  0  X^  and  0  X^**^  each  e^nal  to  Aj  X^  may 
be  applied  to  0  in  the  diroction  0  X. 

And  tffi>  e<iual  and  opposite  foreea  0  Tj',  0  Tj",  each  eq^ual  to  A^  Tj  may  ba 
sppHed  to  0  in  the  direction  0  T 

Alat)  (Fig,  4)  the  force  X^  may  he  transferred  irom  A^  to  N^,  and  the  foroe  Y^  from 
Ai  to  Ml. 

Tilt)  forces  now  acting  on  the  body  as  in  Fig.  4,  may  be  divided  into  two  groups, 
one  as  in  Fig*  5j  conabting-  of  the  forces  Xi  and  Tj  acting  at  Oj  and  ri^praaontcd  in 
magnitude  and  direction  by  OX/  and  0  T/  ;  and  the  other  as  in  Fig.  6^  of  the  couplea 
whose  momenta  are  Xj  multiplied  by  0  N^,  and  Y^  multiplied  by  0  Mj, 

The  tendency  of  the  couple  X^ '  0  Hi  ifl  eiidontly  to  twist  the  body  ia  the  opposite 


m-  s. 


tv«* 


direction  to  that  in  which  the  couple  Ti  ■  0  N^  has  a  tendency  to  twist  it.  Hence,  if 
one  be  considered  positiFe^  tlio  otiiEir  must  he  negative^  By  conatructiou  A,  M^  ^  y,, 
and  Ai  N,  :=  M^  0  —  a^j. 

Henoe  the  rtjaultant  moment  of  these  two  oonple*.  Prop.  XVT.  will  be 
Yr  :»,  —  Xi  '  y, 

Oa  the  whole,  tJierefore,  we  have  replaced  the  force  Pj  aeting  at  Aj  by  the  forces 
Xi  and  Yj  actmg  on  0  in  tho  directiQii  of  the  aies  0  X  and  0  Y^  and  a  couple  whose 
moment  is  equal  to  Yj  ■  ajj  —  X^  y,. 

Referring  tu  Fig.  3,  we  see  that  Aj  Xi  —  A^  F^  coa  «„  and  Ai  Yj  ^  A;  P^  mn  aj. 

Hence  X,  =  P,  cos  Oi  and  Y^  ^  P^  am  aj. 

In  a  simUar  manner  it  may  be  shown  tho  foree  P^  acting  at  A^  n^ay  bo  refplaced  by 
the  foioea  X.  and  Y^  acting  at  0  in  the  directions  0  X  and  0  Y^  and  the  couple  whose 
moment  is  Ya  ^a  —  ^  S^ai  where  X^  =;  P^  cm  «,  and  Tj  ^  Pj  sin  bj. 

Likewise  P^  acting  at  A^  may  bo  replaced  by  Xg  and  Y3  acting  at  0  in  the  directions 
0  X  and  0  T  and  the  couple  whose  moment  ia  Yj  I3  —  ^  ^s*  '^licre  X^  ^  P^  cos  03  and 
Yj  ^  P3  ain  a^. 

Lastlyj  Pi  acting  at  A4  may  be  replaced  by  X4  and  Y^  acting  at  0  in  the  directions 
0  X  and  0  Y  aud  the  couple  whose  momont  is  Y^^J^  —  ^  y*,  where  X^^P^^  cob  a^  and 
Y4  ^=z  Vi  ain  aj. 

On  the  whole,  therefore,  the  four  forces  P|,  P-j,  P^,  an^l  P4,  acting  at  A^i  A^  A3  and 
A|,  in  the  directions  A^  Pj^  A^  P31  Aj  P^,  and  A^  Pj^  have  been  replact^d  by  four  forces 
X|,  X.JP,  X3,  and  X^,  acting  at  0  in  the  direction  0  X,  whose  resultant  is.  a  single  force 
eq^uyl  to  Xj  4-  ^  +  ^3  +  ^it  acting  at  O  in  the  directiou  0  X ;  by  four  forces  Yi,  Y^, 
V^  and  Y^  acting  at  0  in  the  dir^tioa  0  Xf  whose  reaidtant  is  A  aingle  force  e^ual  tc 
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^1  +  ^9  +  ^3  +  ^4  ftcting  at  0  in  Uie  direotlon  0  T ;  together  with  four  couple^ 
whoie  resiLLtant  couple,  Prop.  ZVI.,  vill  be  one  whoie  moment  if  equal  to 

(Yja;^  -  X,  y,)  +  (Y,«,-.Xay,)  +  (Y3«i-X,y,)  +  (Y4«4- X^yJ. 

The  two  forcea  (X^  +  X^  +  X,  +  XJ  acting  at  0  in  the  direction  0  X,  and  (Yj  -f 
7,-1*^3  +  ^i)  ousting  at  0  in  the  direction  0  Y,  will  have  a  single  resultant  which 
may  be  found  by  Prop.  I. 

In  order  that  the  body  may  be  in  a  position  of  equilibrium  when  acted  on  by  the 
forces  Pj,  P,,  Pjy  and  P4,  applied  at  A^,  A,,  A,,  and  A^  in  the  directions  A^  P^,  A,  P,, 
A,  P3,  and  Ai  P49  this  resultant  must  be  zero,  and  so  must  the  moment  of  the  resultant 
couple. 

In  this  case,  excluding  those  conditions  which  belong  to  the  couples,  referring  to 
Prop.  IX,  we  shall  haye  two  conditions  for  the  forces  acting  at  0  in  the  directions  0  X 
sndOY. 

X,  +  X,  +  X,  +  X4=0 
AndYi  +  Y,  +  Y3  +  Y4=0 

Ihe  moment  of  the  resulting  couple  being  also  zero,  glyes  us  a  third  condition. 

(Yi*i  +  XiyO  +  (Y,ar,~X,ya)  +  (Y,«3-X,*s)  +  (Y4*4-3^y4)  =  0- 

Where  Xj  =  Pj  cos  a^,  X,  =  P,  cos  a»  Xj  =  P,  cos  03,  X4  =  P4  cos  a*  '  Yj  =  Pj 
sin  oi,  Yj  =  Pji  sin  oj,  Y3  =  P3  sin  a,,  and  Y4  =  P4  sin  a^. 

The  aboTe  reasoning  may  readily  be  extended  from  four  to  any  number  of  forces. 

We  haye  for  the  sske  of  simplicity  drawn  the  directions  of  the  forces  P^,  Pg,  Ps,  and 
P4,  in  such  a  manner  that  their  co-ordinates  and  resolyed  portions  should  be  positiye.  In 
other  cases  we  must  remember  that  if  the  resolyed  part  of  any  force  act  in  an  opposite 
direction  to  that  we  haye  drawn,  it  must  be  considered  negatiye ;  and  if  one  or  both  of 
the  coordinates  of  the  points  of  application  of  the  force  be  negatiye,  we  haye  only  to  use 
the  negatiye  sign.  Substituting  these  signs  carefully  in  the  aboye  formulae,  we  many 
extend  them  so  as  to  include  eyery  possible  case  of  sny  number  of  forces  acting  on  a 
rigid  body  in.  the  same  place 


Gentxe  «f  Onwity.  —  By 

Prop.  XYII.  we  found  that  if 
any  number  of  parallel  forces 
represented  in  magnitude  and 
direction  by  Pj,  Pj,  Pj,  &c.,  P^ 
acting  on  a  rigid  body  in  the 
same  plane,  at  points  A^,  A^  A^ 
&e.,  A^  be  referred  to  rectan- 
ulsr  axes,  jnd  a?i,  y^;  «,,  y,; 

'itVif  &o.,d;„,y^  be  the  rectan- 
gular co-ordinates  of  A^,  A^  A3, 
&C.J  A„  referred  to  these  axes. 

The  resultant  force  will  be 
equaltoPi  +  Pj  +  Pj  +  P^ 
acting  in  a  direction  parallel  to 
^u  ^»  ^f  AQd  applied  at  a  point 
whose  co-ordinates  x  and  y  muf 
be  found  by  the  formulsB. 

A'i  +  P.  +  P3  +  &c.,  +  f/ 
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From  tbese  fiNmulse  it  is  obyious  that  the  poaitton  of  the  point  of  application  of  the 
resultant  of  the  parallel  forces  is  independent  of  their  direction,  fience,  if  each  of  the 
forces  represented  in  ma^tnde  and  direction  by  Aj  Pi,  A^  P2,  A3  P,,  and  A„  P„,  be 
turned  through  the  same  angle  a,  about  the  points  A^,  A^,  A3,  &c.,  A„,  into  the  position 
shown  by  the  dotted  lines,  the  point  of  applioaticm  of  the  resultant  will  not  move. 
For  this  reason  this  point  is  called  the  omtre  of  the  parcMel  forces. 
We  have  seen  (Properties  of  Matter,  page  12),  that  the  weight  of  a  heary  body  is 
produced  by  the  earth's  attraction  on  each  of  the  material  particles  of  which  it  is  com- 
posed, and  that  this  attraction  is  the  same  for^  kinds  of  matter.  Hence,  a  cubic  inch 
of  iron  weighs  more  than  a  cubic  inch  (rf  wood ;  net  because  the  earth's  attraction  is 
greater  for  particles  of  iron  than  for  those  of  wood,  but  because  a  cubic  inch  of  the 
former  contains  a  greater  number  of  gravitating  particles  than  the  latter. 

The  attraction  which  the  earth  exerts  on  all  masses  near  its  surface,  on  account  of 
its  larger  relative  mass,  is  so  great,  that  for  all  masses  which  are  not  very  large,  we 
may  neglect  the  attraction  which  the  particles  of  these  masses  or  those  in  their  neigh- 
bouriiood  exert  on  one  another.  We  can,  on  this  account,  rapidly  determine  with  con- 
siderable accuracy  the  direction  of  the  earth's  attraotion,  (x  gravity. 

Let  a  small  weight  of  lead  or  brass  P,  be  fixed  to  one  extremity  of  a  thin  ^xible 
^«  string  A  P,  and  suspended  from  a  fixed  point  A.  The  weight  P,  after  oscillating 
for  s(Hne  little  time,  will,  if  undisturbed,  rest  in  such  -a  position  that  ^e  string 
A  P  shall  point  to  the  earth's  centre.  &uch  an  instroment  is  called  a  plummet  or 
a  plumb-line^  and  the  line  in  whidi  it  rests  the  vertidal.  If  two  plumb-lines  be 
Biispended  from  points  situated  at  different  parts  of  ihe  earth's  surface,  tiiey 
cannot  be  exactly  parallel,  but  must  make  a  certain  angle  with  each  other,  unless 
the  one  point  lie  in  the  antipodes  of  the  other,  in  which  case  the  directions  wfll 
be  in  the  same  straight  line. 

For  all  practical  purposes,  on  account  of  the  comparative  greataiCM  of  th« 
earth's  radius,  we  may  say  that  two  plumb-linea  of  any  ordinary  kugth,  fiuspi^nded 
within  any  apartment,  however  laige,  will  be  pandlcl  to  eflcih  othor ;  since  if  in 
*  still  water,  at  a  distance  of  200  ysrd^  from  each  other,  we  were  t4>^ink  tW3  plum- 
P  ( I  mets  a  mile  and  a  half  in  length,  they  would  not  deviate  f urLhur  than  3  ini^hea 
from  perfect  parallelism. 

It  is  true  that  a  large  mass  of  matter,  sach  as  a  mountain,  will  slightly  deflect^  as 
according  to  the  theory  of  gravitation  it  ought,  the  plumb-line  from  the  true  vertical  j 
but  in  ordinary  cases  this  source  of  error  may  bo  negloctod.  Agaia^  the  attraetioa  of 
the  earth  will  vary  according  to  the  diatancD  from  ita  o^ntrc  of  the  paitide  or  body 
attracted ;  but  this  variation  may  al^  be  negleetod  for  bodiia  which  ft?e  snmU  when 
ijomparod  with  the  magnitude  of  the  earth* 

Hence,  in  most  cases,  even  such,  for  instance,  aa  the  krgc^at  line  of  battle-ship, 
without  introducing  any  sensible  error,  we  may  regard  the  attraction  of  the  earth,  on 
any  maas^  of  matter,  as  acting  on  every  mate^kl  partiide  oompo^ing  that  masai,  in  dirac^ 
tions  parallel  to  the  plumb-line  suspended  neajr  it. 

Tho  centre  of  the  parallel  forced^  produced  by  the  weights  of  the  material  partidea  of 
which  auy  heavy  body  is  composed,  is  called  the  cenfre  <f  gravity  0/  that  bod^^ 

Honee,  Prop.  XVII.  enables  ua  to  find  the  poaitLon  of  the  centre  of  gravity  of  amy 
number  of  heavy  particles  whose  weights  and  poaition^  are  known. 
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From  the  properties  of  the  eentre  of  parallel  foreea  yre  hare  already  domoDfltratod,  it 
fellows  that  the  centre  of  gravity  of  a  heavy  body  is  that  point  icithm  or  withnut  the 
My  at  which  the  tcltole  of  its  tceiffht  may  be  conceived  to  act;  and  the  body  wUl produce 
the  eame  mechanical  effect^  as  if  ice  were  to  euppoee  the  whole  of  its  weight  coneentraUd  in 
that  point.  This  enables  us  to  extend  Prop.  XYII.,  to  And  the  oommon  centre  of  gra- 
vity of  several  bodies,  whose  weights  and  the  position  of  whose  respective  centres  of 
gravity  are  known. 

Again,  because  the  parallel  forces  exerted  by  the  weights  of  the  material  particles  of 
a  body  will  have  the  same  direction  in  whatever  position  it  is  placed,  its  centre 
of  gravity  will  not  change  its  position  with  respect  to  the  body  for  any  change  in  the 
position  of  the  body.  Hence,  if  the  centre  of  gravity  be  fixed,  the  body  will  balance 
about  it  in  every  position,  because  the  resultant  of  the  weights  of  every  one  of  its 
elementary  particles  will  pass  through  the  fixed  point  (the  centre  of  gravity)  in  eveiy 
position  in  which  the  body  can  be  placed. 

PROPOSITION  XIX. 
If  a  heavy  body  be  in  equilibrium  when  euepended  from  a  pointy  or  when  rmiiny  on  apoket 
in  contact  with  another  body^  ite  centre  of  gravity  will  be  in  the  oertieal  Hmpaatmy 
throuyh  the  point  of  euepeneion  or  contact. 

Let  Figs.  1,  2,  and  3  represent  a  section  of  the  heavy  body,  taken  through  the  plane 

A       passing  through  its  centre  ot 
X^        gravity  G,  and  its  point  of 
■ospension  or  contact  A. 

In  Fig.  1  we  suppose  the 
body  supported  by  a  pin  A  C, 
passing  thiDugh  a  hole  at  A, 
about  which  it  can  move 
fireely;  in  Fig.  2  it  is  sus- 
pended from  a  point  at  A,  by 
a  string  fixed  at  C;  and  in 
Fig.  3  it  is  supported  by 
another  body  with  which  it  is 
in  contact  at  A. 

In  all  three  cases  let  the 
vertical  be  ropresented  by  the 
plumb-Une  A  B,  the  centro  of 
gravity  must  lie  in  that  line. 
If  it  do  not,  let  it  have  some 
other  position,  as  0. 

From  our  definition  of  the  centre  of  gravity,  the  weight  of  the  body  will  produce 
the  same  elSect  upon  the  body  as  if,  being  destitute  of  weight,  a  force  equal  to  its 
"eigbt,  acting  vertically  downwards,  was  applied  to  its  centre  of  gravity. 

Let  G  "W  =1  "W  represent  this  force,  the  weight  of  the  body,  in  magnitude  and 
rection,  and  we  then  have  the  case  of  a  rigid  body  without  weight  in  equilibrium 
ben  acted  on  by  the  force  W  acting  at  G,  and  the  reaction  or  tension  at  the  point  A. 

Through  A  draw  A  D.  perpendicular  to  G  W  or  G  W  produced.    Then  by  the 

snciple  of  the  transmission  of  force,  W  may  be  transferred  from  G  to  D,  and  W  *  A  D 

1  be  the  moment  of  a  force  tendmg  to  twist  the  body  round  the  point  A,  which  is 

vol*    IX,  » 
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dounteracted  by  no  other  fprce.  Consequently,  equllibnum  can  only  exist  if  W  or  A  D 
be  equal  to  nothing.  But  by  the  terms  of  the  proposition,  "W  cannot  be  equal  to  nothing. 
Hence,  there  can  only  be  equilibrium  where  A  D  is  nothing,  in  which  case  G  must  lie 
in  the  lino  A  B. 

In  the  same  manner  it  can  b6  shown  that  if  a  heavy  body  balance  on  a  given 
straight  line — as,  for  instance,  the  sharp  edge  of  another  body  which  is  a  straight  line — 
its  centre  of  gravity  will  lie  in  that  straight  line. 

If  any  homogeneous  heavy  body  be  of  a  form  which  is  symmetrical  with  respect  to 
a  certain  point  or  line,  the  centre  of  gravity  will  be  in  that  point  or  line ;  for  the  very- 
idea  of  symmetry  requires,  that  if  any  point  be  taken  in  the  body,  there  must  be  another 
point  in  that  body  equidistant  from  the  point  or  line  about  which  it  is  symmetrical. 
Hence,  since  the  centre  of  gravity  is  the  centre  of  the  parallel  forces  produced  by  the 
weights  of  the  material  particles  composing  the  body ;  if  it  be  homogeneous,  that  is, 
composed  of  particles  of  the  same  weight,  and  distributed  uniformly  throughout  its 


o 
Fig.  1.  tig.i.  Pig.  3.  Fig.  4. 

substance,  tmy  one  particle  in  the  body  will  be  balanced  about  the  point  or  line 
around  which  its  form  is  symmetrical,  by  another  particle  equal  to  it  in  weight,  and 
equidistant  from  that  point  or  line. 

The  centre  of  gravity,  therefore,  of  a  sphere,  wiU  be  the  centre 
of  the  sphere  ;  that  of  a  cube  or  oblique  paral- 
lelepiped (Fig.  1),  the  point  where  two  diago- 
nals intersect  each  other.  The  centre  of  gravity 
of  a  right  (Fig.  2)  or  oblique  (Fig.  3)  cylinder 
will  be  in  the  middle  of  its  axis ;  and  that 
of  a  ring  (Fig.  4)  will  be  the  centre  of  the  ring. 

The  centre  of  gravity  of  a  hollow  sphere  or 
cylinder  will  be  the  same  as  if  it  were  solid, 
provided  it  be  of  the  same  thickness  throughout. 
From  this  it  follows  that  the  centre  of  gravity 
of  A  body  need  not  necessarily  be  a  point 
witliin  it. 

Experimental  Detennlnation  of  the  , 
Centxe  of  Gzavity. — The  preceding  propo- 
ftition  affords  a  means  in  many  instances  of 
dGteriuining  the  position  of  the  centre  gravity 
of  B  body  experimentally. 

Thus,  if  a  body  be  suspended  by  a  string,  attached  to  the  point  A  (Fig.  1),  the  aentre 
of  gravity  will  lie  in  the  vertical  line  A  B  passing  through  the  body  when  it  Jba* 
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atttaied  a  pouUon  in  whioh  it  it  perfectly  at  rest  We  now  nupend  it  (Fig.  2)  from 
u&oftber  point  C ;  let  C  D  be  the  position  of  the  Tertioal  when  it  ii  at  rest,  thi«  line  will 
intersect  the  preyioui  line  A  B  in  the  point  G,  which  will  be  the  centre  of  gravity  of  the 
body.  In  many  cases  we  shall  thus  be  enabled  to  estimate  the  position  of  the  centre  of 
gratity.  If  the  body  A  G  B  D  (Fig.  2)  be  bounded  by  plane  surfaces,  and  be  of  unifiorm 
tMokaess  tiiroughout,  we  know  that  if  the  lines  A  B  and  C  D  be  traced  on  both  parallel 
8ur£EU!e8,  the  centre  of  gravity  will  lie  in  the  middle  of  the  straight  line  joining  the  two 
points  of  intersection  of  these  linos. 

To  find  the  centre  grayity  of  a  iffldkiBg-ltick,  whioli  is  supposed  to  be  symmetrical 


IT 


with  respect  to  an  axis  passing  through  its  centre,  and  has  a  heavy  head  or  handle,  we 

have  only  to  balance  it  on 

the  sharp  edge  of  a  body, 

>8  indicated  in  the  figure, 

and  we  know  the  centre  of 

gravity  will    lie   in   the 

point  where  the  vertical 

plane  passing  through  the 

edge  intersects  the  axis  of 

the  stick. 

In  these  experimental 

determinations  of  the  cen- 
tre of  gravity  it  does  not 

signify  whether  the  body 

be  homogeneous  or  not: 

thus,  the  adjacent  figures  show  the  method  used  by  Desagnlien  for  estimating  the 

centre  of  gravity  of  a  human  body  or  skeleton,  in  the  positions  there  indicated. 

Stable  and  Unstable  EqniUbsluin.— Theoretically  we  say  that  a  heavy  body 

under  the  action  of  gravity,  may  be  in  equilibrium  in  a  certain  position,  though  we  may 

not  be  able  practically  or  experimentally  to  demonstrate  it,  because  the  slightest  di» 

turbance  of  the  position  of  the  body  may  destroy  the  conditions  of  its  equilibrium. 

Thus,  theoretically,  a  cone  will  be  in  a  position  of  equilibrium  whether  it  rest  on  a  table 

(Fig.  1)  on  its  apex,  or  (Fig.  2)  on  its  base.    In  the  former  case,  however,  the  slightest 

possible  movement 
to  the  one  side  or 
the  other  wiQ  de- 
stroy the  eqiiili- 
briimi.  The  equi- 
librium which  is 
theoretically  bui 
not  practicaJly  pos- 
sible, is  called  tm- 
ttabU,  while  that 
which  is  practica- 


Kg.l. 


Fig.  J. 


Me  is  called  ttahU.    An  e^  will  re^  on  its  side  in  a  position  of  ttahU  eqttilibrwm,^ 
while  the  attempt  to  balance  it  on  one  of  its  extremities  will  only  be  successful 


Digitized  by 


€uD^te 


84 


CENTKE  OF  OBAVITT, 


hj  imitating  the  well-known  method  ColumbuB  used  io  destroy  its  unataik  e^ 
librium,  A  body  may  be  said  to  be  in  ttable  equilibrium  if  after  a  slight  disturbance  it 
xecoyers  its  position  of  equilibrium ;  and  in  unstable  equilibrium  if  after  a  slight  disturb- 
ance it  does  not  recover  it.  When  a  body  is  supported  by  its  centre  of  gravity  it  will 
rest  in  every  position  about  that  point ;  this  has  been  called  indifferent  equilibrium.  ThuSy 
a  circle  or  any  plane  figure,  of  uniform  thickness,  will  rest  in  every  position  on  an  axis 
passing  through  its  centre  of  gravity. 

PROPOSITION  XX. 

The  equilibrium  of  a  body  will  be  stable  or  unstable  according  as  its  centre  of^awty  is  ut 
the  lowest  or  highest  position  possible. 

If  a  body  be  in  a  state  of  equilibrium,  suspended  by  an  axis  at  A  (Fig.  1),  abovt 

which  it  is  capable 
^-:b.—     ^  ^j£  moving  freely, 

or  resting  on  a 
point  A  (Fig.  2), 
any  slight  disturb- 
ance will  cause 
the  body  to  move 
to  the  right  or  left, 
as  shown  by  the 
dotted  lines,  and 
the  centre  of  gra- 
vity to  describe  a 
small  arc  6  G'; 
but  the  centre  of 
gravity  having 
moved,  however 
slightly,  below 
the  point  G,  the 
tendency  of  the 
weight  of  the  body 
will  evidently  be 
to  remove  the  cen- 
tre of  gravity  fur- 
ther from  the  ori- 
ginal position  G 
But  if  the  centre 
of  gravity  be   in 

its  lowest  position  G  (Fig.  3)  after  any  disturbance  which  should  remove  the  point 
G  to  G',  the  tendency  of  the  weight  will  be  to  restore  the  body  to  its  original  posi- 
tion, and  the  point  G'  to  G. 

The  tendency  of  the  centre  of  gravity  to  recover  its  place  if  removed  from  its  lowest  to  a 
higher  position  is  well  illustrated  by  fijdng  the  half  of  a  bullet  (Fig.  4),  or  any  hemispheri- 
cal heavy  metallic  body,  to  a  cylinder  of  elder-pith,  corK,  or  any  otiiier  light  substance. 
The  centre  of  gravity  of  the  whoU  will  lie  somewhere  in  the  heavy  hemisphere ;  and  if  the 
cylinder  1)0  repioyed  to  any  position,  except  it  be  laid  almost  absolutely  on  its  side,  it  will 


Hg.8. 


Fig.  4. 
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speedily  recorer  its  upright  poiitioxi,  as  bhown  in  the  figure.  Toys  are  oonatruoted  on  tliia 
princii^e,  the  cylinder  being  cut  into  the  form  of  a  soldier ;  a  regiment  of  tuch  uimio 
troops  being  pressed  nearly  to  the  ground  by  passing  a  stick  oyer  tliem,  seem  immediately 
to  spring  up  and  recover  their  position  as  if  by  magic.  The  toys  called  UmMert,  made 
•f  plaster  of  Paris  with  a  hemispherical  bottom  loaded  with  iron  or  lead  to  bring  the 
centre  of  gravity  to  the  lowest  position  possible,  also  owe 
their  amusing  properties  to  the  same 
principle.  Screens  have  been  invented 
which,  by  this  con- 
^  trivanoe,  ri^ht  them- 
selves after  being 
pressed  down.  The 
annexed  iUustrations 
dhow  how  a  pointed 
stick  may  be  easily 
balanced  ok  the  tip  of 
the  €nger  by  fixing 
^_  two  pen-knives  in  its 

side,  ihws  converting  an  unstable  into  stable  equilibrium;  and  how  three  pen-knivei, 
placed  in  the  position  A,  B,  C,  and  D,  may  be  kept  in  equilibrium  on  the  point  of  a 
needle  held  in  the  hand :  in  both  cases  the  centre  of  gravity  must  fall  below  the  point  on 
which  the  bodies  are  balanced. 

A  mall  figure  A  with  its  foot  fixed  to  a  sphere  B,  through  which  passes  a  bent  wire, 
haring  iwo  leaden  balls  0  and  D  attached  to  its  extremities, 
if  placed  loosely  on  a  stand  £  will  speedily  recover  its  up- 
right position  after  being  moved  from  it.  the  figure 
befaig  so  constructed  that  the  centre  of  gravity  of  the 
three  bodies  A,  G,  and  D,  falls  below  the  point  of  support, 
where  tiie  sphere  B  rests  on  the  stand  £. 

The  apparent  paradox  of  a  double  cone  ascending  an 
inclined  plane  by  its  own  weight,  is  produced  by  the  con- 
struction of  the  cone  and  plane  being  such  that  the  centre 
of  gravity  of  the  cone  really  descends,  and  by  its  descent 
causes  the  cone  to  ascend  the  plane. 

Construct  an  inclined  plane  of  two  equal  piecesof  straight 
wii»  A  G  and  B  G  (Fig.  1),  fixed  at  their  extremities  to 
three  upright  pieces  A  E,  B  F,  and  G  D,  standing  perpendi- 
cular to  the  horizontal  stand  D E  F :  AE  and  B  F  being 
equal  to  each  other,  and  G  D  less  than  A£  or  B  F. 

Let  H  be  a  double  coae  consisting  of  two  ligbt  oonea 
onited  together  by  their  circular  bases. 

"  If  the  dastanee  A  B  or  £  F  be  equal  to  or  less  than  that 
between  the  two  vertices  of  the  cone,  and  the  difference  bo- 
tween  AE  and  O  D  less  than  the  radius  of  the  circular  base 
of  the  double  cone,  upon  placing  the  cone  near  G  with  its  dreular  base  between  tiia 
wises  AC  and  B  G  it  will  roll  up  the  inclined  plane  till  its  extremities  are  stopped  by 
the  upright  supports  at  A  and  B. 

liflt  tlie  centra  of  gnvxty  really  dflsoends  in  thii  ease  will  be  veadily  seen  by  tha 
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diagram  (Fig.  2),  which  represepts  an  imaginary  gection  of  the  inclined  plane  through 
CD,  perpendicular  to  E  F,  represented  by  the  lines  G'  0,  0  D,  C  D,  G'  O  (Fig.  1). 

Let  the  circles  KLM,  K'L'M'  (Fig.  2)  repre- 
sent the  two  positions  of  the  circular  base  of  the  cone  H 
at  the  commencement  and  end  of  its  ascent  up  the 
inclined  plane ;  G  and  G',  the  centres  of  these  circles, 
will  represent  the  position  of  its  centre  of  gravity 
at  these  periods,  and  the  line  G  G'  the  path  of  the 
centre   of  gravity,  during  the  ascent;    since  the 
centre  of  gravity  of 
the  double  cone  is  the 
centre  of  its  ciroular 
base.      By  construc- 
tion, the  angle  G'  0 
D'  is  a  right  angle. 
Through    C    and    G' 
draw  C  N  and  G'  K 
parallel  to  0  D',  and 
the  radius  G  M  of  the 
circle  K  L  M  perpen- 
dicular to  C  N.   Then 
if  M'  be  the  point  where  the  circle 
K'L'M'  cuts  G'O,  GK  otN  M'  wiU 
evidently  represent  the  vertical  des- 
cent of  the  centre  of  gravity  of  the 
oone,  whit&the  cone  itself  is  ascend- 
ing the  plane.    And  since  G'  N  (Fig. 
2]  is  equid  to  the  difference  between 
the  two  supports  A  E  and  C  D  (Fig. 

1)  of  the  inclined  plane,  in  order 
that  the  cone  may  ascend  by  the 
descent  of  its  centre  of  gravity,  this  difference  must  be  less  than  the  radius  G'  M'  (Fig. 

2)  of  the  base  of  the  cone. 


Fly.  1. 


Figr.2. 


PROPOSITION  XXI. 

A  My  placed  on  a  plane  iMrizonidl  surface  toill  stand  or  fail  according  as  the  vertical  /m# 
dravm  through  its  centre  of  gravity  passes  imthin  or  without  its  base. 

Let  ABC  (Figs.  1  and  2)  represent  sections  of  two  bodies,  by  vertical  planes  pass- 
ing through  their  centre  of  gravity  G,  having  their  bases  A  B  placed  in  contact  with  m 
horizontal  plane. 

In  Fig.  1  the  vertical  G  W  passing  through  G  falls  within  A  B,  and  in  Fig.  2  with- 
out A  B. 

Tbe  whole  effect  of  the  weight  of  the  bMy  is  equivalent  in  both  cases  to  a  single 
fbrce  equal  to  that  weight  applied  at  G  in  the  direction  G  W. 

In  Fig.  1  this  force  is  evidently  destroyed  by  the  reaction  of  the  plane,  and  the  body 
will  stand.  In  Fig.  2  this  force  has  a  moment  about  the  point  B,  which  is  not  coim* 
tfiract«d  by  the  resistance  of  the  plane;  and  consequently  the  body  will  turn  round  B 
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till  it  falls  in  auch  a  position  that  G  W  will  lie  within  the  base  on  which  it  reata. 
property  is  readily  shown, 
experimentally,  by  taking  two 
oblique  cylinders  (Figs.  3  &  4) 
of  such  lengths,  that  the  verti* 
cal  passing  through  the  centre 
of  gravity  of  the  one,  when 
placed  on  a  table,  shall  fall 
within  its  circular  base  and 
the  other  without.  The  for- 
mer will  stand  and  the  latter 
will  fall  when  placed  with 
their  circular  bases  in  con- 
tact with  the  table. 

If  the  surface  on  which  the  body  recta  be  inclined  instead  of  horizontal,  the 


Thia 


effeet  will  be  produced,  proTided  the  body  be  pieyented  firom  sliding  down  the  inclined 

plane  by  friction  or  some  other  force. 

Thus,  a  loaded  waggon  passing  along  an 
inclined  road  will  not  be  overturned  so  long 
as  the  vertical  G  A  passing  through  the  centre 
of  gravity  G  of  the  load  and  waggon  falls 
within  the  x>oints  where  the  wheels  touch  the 
road.  As  soon  as  the  inclination  of  the  road 
becomes  so  great,  or  the  position  of  the  centra 
of  gravity  of  the  load  be  such  that  the  vertical 
falls  without  these  points,  the  waggon  will  be 
overturned. 

The  broader  the  base  and  the  lower  the  cen- 
tre of  gravity  of  the  body,  the  firmer  will  be  its 
stability  ;  a  waggon  carrying  a  load  of  straw  is 
more  likely  to  be  overturned  than  if  it  were 
laden  with  an  equal  weight  of  iron  or  some 
other  heavy  material;  because  in  the  first  in- 
stance the  distance  of  the  centre  of  gravity  of 

toe  load  and  waggon  from  the  ground  is  much  higher  than  in  the  latter. 
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The  ronnd  tower  which  is  the  belfiy  of  the  cathedral  at  Pisa,  is  190  feet  high,  and 
deyiates  iroxn  the  perpendicular  about  14  feet.,  A.t  Bologna  there  is  a  square  towet 
called  Garisenda,  134  feet  high,  and  deviating  9  feet  from  the  perpendicular.  Both 
these  buildings  are  supposed  to  owe  their  inclination  from  the  depression  of  the  ground 
under  their  foundations ;  and  they  have  not  been  overthrown  because  the  vertical,  pass- 
ing through  their  centre  of  gravity,  still  falls  within  their  base. 

Desaguliers,  in  hi^  '*  Course  of  Experimental  Philosophy,"  has  the  following  inter- 
esting observations  on  ;the  position  of  the  centre 
of  gravity  in  animal  bodies  when  at  rest,  or  in 
motion,  in  various  positions.  "  "When  we  stand 
upright,  with  our  feet  as  represented  in  Fig.  1, 
the  line  of  direction  («'.  e.  the  vertical  pauing 
through  the  centre  of  gravity)  goes  through  the 
point  C  and  passes  between  our  feet  to  D,  and  we 
may  move  our  heads  from  E  to  F  or  G,  and  our 
bodies  forwards,  backwards,  or  sideways  as  far 
as  I  or  H,  without  danger  of  falling,  or  stir- 
ring our  feet, '  as  long  as  the  line  of  direction 
traverses  no  farther  than  I A  or  H  B,  and  falls 
anywhtere  within  the  space  A  B,  which  in  this 
situation  of  our  feet  makes  a  pretty  large  base. 
But  if  we  set  one  foot  before  the  other,  as  in 
Fig.  2,  a  little  push  sideways  will  make  the  line 
of  direction  (which  went  through  C)  fall  out  of 
the  base  to  the  right  or  left  towards  E  or  B ;  in 
which  case  a  man  must  fall  if  he  does  not 
quickly  remove  his  feet  to  the  position  of 
Fig.  1. 

'*  When  we  stand  upon  either  leg  we  must  bring  our  body  so  much  over  the  foot, 
that  the  centre  of  gravity  being  directly  over  it,  the  line  of  direction  may  go 
through  the  sole  of  it ;  and  in  walking,  the  line  of  direction  must  travel  through 
every  place  where  each  foot  is  set  down,  going  successively  through  the  points 
E,  A,  D,  B  (Fig.  3),  while  the  centre  of  gravity  goes  through  the  points  G,  C,  F, 
&c.,  so  that  unless  a  man  in  walking  straight  forward  sets  one  foot  direotlf 
before  the  other,  the  line  of  direction  will  not  describe  a  straight  line  upon  the 
plane  where  the  man  walks,  but  an  indented  line ;  that  is,  angles  to  the  right 
and  left,  whilst  the  body  of  the  man  goes  on  in  a  waddling  motion.  This  we 
see  in  the  walking  of  fat  people,  and  all  others  that  straddle  in  their  gait. 
The  line  of  direction  going  through  the  points  A,  B,  0,  D,  E,  describes  a  straight 
line  in  Fig.  4,  where  the  feet  are  set  before  one  another ;  but  when  the  motion  of  one 
foot  is  in  a  parallel  line  with  the  motion  of  the  other,  an  indented  line  is  described  by 
the  motion  of  the  centre  of  gravity  above,  and  the  line  of  direction  as  it  cuts  the  ground 
atA,B,C,D,E(Fig.  6). 

'*  It  is  not  strictly  true  that  any  man  in  his  common  walk  sets  one  foot  so  exactly 
before  the  other  as  to  carry  on  the  bottom  of  his  line  of  direction  in  a  straight  line  as 
represented  in  Fig.  4,  because  if  a  straight  line  be  drawn  with  chalk,  it  is  difficult  to 
walk  straight  along  it;  but  the  plainest  proof  is  the  observation  of  two  upright  sticks, 
of  about  the  height  of  a  man,  the  one  painted  white  and  the  other  blaok,  and  set  up 
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Fig.  4. 


Fig.  5, 


ibout  ten  yards  beyond  one  another,  in  the  same  line  tliat  a  man  walks  towards  tbem ; 
for  in  such  a  case,  though  he  keep  one  eye  shut,  the  last 
stick  will  appear  sometimes  on  the  right  and  sometimes  on 
the  left  of  the  first;  and  the  more  so  the  nearer  the  man 
comes  to  the  sticks.    Rope-dancers,  indeed,  go  in  a  straight 
line ;  but  it  is  what  they  hare  learned  by  art,  and  inured 
themselves  to  by  long  practice;   yet  they  must,  eren 
after  all,  hare  helps  to  keep  their 
centre  of  gravity  over  the  rope. 
They  generally  keep  their  eyes 
on  some  distant  point  in  the  same 
plane  as  the  rope.    They  have 
commonly  a  long  pole  loaded  at 
the  ends  with  the  balls  of  lead 
B  5,  by  the  motion  of  which  they 
can  alter  the  position  of  the  com- 
mon centre  of  gravity  of  their  body 
and  the  pole;  as,  for  example, 
the  centre  of  gravity  of  the  rope- 
dancer  C  A  (Fig.  6)  being  at  A, 
his  line  of  direction  should  go 

through  fl,  off  from  the  rope ;  but  by  moving  the  pole  towards  B,  the  common  oentr* 

of  gravity  of  the  man  and  pole  is 

brought  to  C,  and  the  line  of  direc- 
tion C  D   goes  through  the   rope. 

Those  that  are  well  skilled  in  this 

art  will  sometimes  use  their  arms 

only  instead  of  a  pole;   and  it  is 

very  common  for  several  of  them  to 

dance  with  a  flag,  with  which  they 

strike  the  air  the  same  way  that  the 

centre  of  gravity  goes  when  the  line 

of  direction  does  not  go  through  the 

rope ;  and  by  the  reaction  of  the  air 

the  centre  of  gravity  is  brought  back 

to  its  proper  place. 

"The    ancients    observing  that 

horses  and  other  quadrupeds,  in  gal- 
loping, lift  up  their  two  fore  feet,  and 

then  their  hind  feet  as  soon  as  the 

fore  feet  are  set  down,  did  imagine 

that  in  walking,  as  well  as  pacing 

and  trotting,  a  horse  has  two  feet  off 

of  the  ground  at  one  time;  and  ac- 
cordingly in  their  brass  or  marble 

statues,  they  have  represented  their  horses  with  two  legs  off  of  the  ground  cBagonally 

opposite— as  the  right  before  and  the  left  behind,  or  left  before  and  right  behind.     The 

modem  statuaries  have  also  fallen  into  the  same  error,  because  in  the  quick  walking  of 
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a  hoT^t  tliG  eye  cannot  well  distinguish ;  and  therefore  Borelli  (J)e  motu  ammaliuNt) 
baa  fthr^wn  from  mechanical  principles,  that  the  motion  of  raising  two  feet  at  once  in 
walking  cannot  be  consistent  with  the  wisdom  and  simplicity  of  nature." 

^^  Let  us  consider  a  horse  as  an  oblong  machine  sustained  by  the  four  legs,  as  four 
pK0ps  or  columns,  resting  on  the  points  A,  B,  C,  D  (Fig.  7),  which  make  a  rectanguiar 

quadrilateral  figure;  then  the  line  of 
direction  will  fall  perpendicularly  on  E, 
a  point  in  or  near  the  centre  of  the  quad- 
rilateral figure,  which  will  make  the 
stktion  or  standing  of  the  horse  the  most 
firm.  The  progressive  motion  begins  by 
one  of  the  hind  feet — as,  for  example, 
the  left  hind  foot  C,  which,  by  strongly 
pressing  back  the  ground,  moves  for- 
ward the  centre  of  gravity,  and  conse- 
quently carries  on  the  line  of  direction 
from  E  to  G  as  itself  moves  from  C  to  F. 
This  done,  the  foot  B  is  raised  and  carried 
forward  aa  far  as  H,  which  inotian  of  the  foot  ia  easy,  becauee  the  line  of  dirt^tion  firet 
fdla  within  the  triangle  A  B  D ;  eecondly,  witkin  the  trapezium  A  B  F  D — that  U,  the  body 
of  the  horse  is  susUined  by  three  or  by  four  columns.  Lastly,  the  three  feet  A,  D,  F, 
remaining  firm,  ajid  taking  the  line  of  direction  at  G,  immudiatoly  tbe  left  fore  foot  B  u; 
carried  forward  to  H ;  and  by  tho  impulse  already  mado,  the  centre  of  gravity  la  alao 
carried  over  I — namely ^  die  central  point  of  the  rhomb  A  H  F  D.  The  motion  of  the 
two  left  feet  being  completed,  the  imp^ilae  and  motion  of  the  right  hind  foot  D  begins^ 
and  then  that  of  the  right  fore  foot,  and  ao  on  in  the  manner  above  described,  aa  the 
animal  moves  forward. 

"  Ducks,  geeee,  and  the  greatest  part  of  the  water-fowl,  whosfi  legs  are  8£t  wide  asunder 
for  the  convenience  of  their  awimming,  and  turning  quick  in  the  water,  have  aJwajs  a 
waddling  motion  upon  land ;  but  a  cock,  a  stork,  an  ostrich,  and  most  other  birds  that 
are  not  web-foot4^,  walk  almost  directly  forwa^  without  waddling  (especially  when 
tbey  walk  slowly),  having  their  legs  so  placed  as  to  put  one  foot  before  the  othur  with 
greater  ease.  Thus  quadrupeds  seldom  or  never  waddle,  bocause  they  Lave  commonly 
three  feet  upon  the  ground  at  a  time  ;  ao  that  however  the  ba*Q  receiving  the  line  of 
direction  alters  from  a  quadrangular  to  a  triangular  figure,  that  part  of  it  in  which  the 
line  of  direction  falls  is  always  in  or  near  the  same  Une." 

"  Whea  a  man  sUnds  in  a  firm  pogtnre  (Fig.  1)  A  B,  the  diAtancu  of  hifi  feet  is  the 
length  of  a  quadrilateral  figure,  whoso  breadth  is  nearly  the  length  of  the  ft^ot,  and  D  is 
the  point  under  the  centre  of  gravity  0,  where  the  line  of  direction  falls*  Let  the  lines 
A  C  and  B  C  be  drawn,  then  let  these  two  linea  and  D  C  be  continued  to  the  points 
E  F  G  so  aa  to  make  the  triangles  E  0  G  and  A  0  B  equal  and  simiLar,  as  long  as  th<^ 
lino  F  D  (or  a  plane  going  through  it)  cuts  the  whole  body  of  the  man  into  two  equal 
parts,  the  centre  of  gravity  will  be  at  C,  and  C  D  will  be  the  line  of  direction.  But  if 
the  body  be  inclined  towards  the  loft  Land  H,  the  centre  of  gravity  will  move  from  C  to 
H»  the  line  of  direction  will  become  H  B^  and  the  right  foot  being  easily  removed  from 
Ai  may  be  carried  on  beyond  B,  by  which  means  th<?  man  will  go  on  towards  the  left. 
In  lite  manner,  by  inclining  towards  I,  the  line  of  direction  will  be  removed  to  I  A, 
ind  the  man  go  to  ^e  right     Whan  a  man  stands  upon  one  foot  it  is  with  some  diffic  ulty . 
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For  example,  let  the  line  of  direction  be  C  B  (Fig.  3) ;  by  the  motion  of  the  blood  and 
limgs,  and  other  ftwiirrn^l  motions,  the  centre  of  gravity  will  be  apt  to  Tacillate  or  totter 
towards  F  or  G  on  either  side  about  the  centre  of  motion  D,  where  now  the  base  is  but 
small.  If  the  line  of  direction  comes  to  B,  the  man  must  fall  forwards,  backwards  if  to 
£ ;  and  though  A  he  imdet'  the  heel  of  the  foot,  yet  in  the  motion  of  the  said  line  of 
direction  from  D  to  A,  the  body  wiU  be  apt  to  go  towards  E,  and  so  bring  the  line  of 
direction  beyond  the  base.  This  will  more  probably  happen  in  the  side  motion  of  the 
body;  so  that  the  body  will  be  in  danger  of  falling,  unless  the  right  foot  be  put  down 
towards  that  side  where  the  body  inclines.  Birds  stand  upon  one  foot  much  more  easily 
than  men,  because  their  line  of  direction  being  much  shorter,  and  the  base  of  oz^e  foot  a 
large  rhomhoidal  figure  made  by  the  four  claws,  the  line  of  direction  cannot  go  out  of 
that  base,  unless  the  oentre  of  gravity  rises,  which  is  impossible  without  a  yiolent 
motion." 

When  a  porter  oarries  a  burden  upo/i  his  shoulders,  he  must  stoop,  because,  if  he 
should  stand  upright,  the  common  centre  of  gravity  of  the  man  and  burden  would  b« 
so  far  brought  back,  that  the  line  of  direction  would  fall  behind  the  feet. 


PBOPOSITION  XXII. 

A  heavy  body  rests  upon  a  horizontal  planSf  iojind  the  preeemree  produced  by  ite  weight 
upon  the  points  of  contact  by  which  it  is  supported 

When  a  heavy  body  rests  upon  a  horizontal  plane,  the  pressures  prodticed  by  its 
weight  on  the  points  on  which  it  is  in  contact  with  the  plane  can  be  determined,  if 
these  points  do  not  exceed  three  in  number.  When  the  points  of  contact  are  more  than 
three,  the  pressure  upon  each  is  indeterminate. 

If  the  body  rest  upon  a  single  point,  it  is  evident  that  the  pressure  on  this  point  is 
equal  to  the  weight  of  the  body. 

When  the  body  rests  upon  two  points  A  and  B,  as  in  Fig.  1,  where  the  body  is 
supposed  to  consist  of  a  circular  disc  and  a  cylin- 
drical stick,  fixed  perpendicularly  to  its  centre :  the 
pressures  on  these  points  may  readily  be  deteir- 
mined. 

Let  G  be  the  centre  of  gravity  of  the  body 
resting  on  the  plane. 

This  body  is  evidentiy  kept  in  equilibrium  by 
its  weight,  and  the  equal  and  opposite  reactions  pro- 
duced by  the  two  pressures  on  the  points  A  and  B. 

The  vertical  passing  through  G  must  therefore 
pass  through  the  line  joining  A  and  B. 


pjg.i. 


I 


T 


Fig.  2. 

fiance  Prop.  XL 


Let  C  be  the  point  where  the  vertical  cuts  A  B ; 
the  weight  of  the  body  acting  at  G  may  be  transferred 
firom  G  to  C. 

Then  (Fig.  2}  we  have  two  reactions  P|  and  P, 
acting  upwards,  perpendicular  to  the  plane  at  A 
and  B ;  and  a  weight  W  equal  to  the  weight  of  the 
body  acting  downwards,  and  also  perpendicular  to  the 
plane. 
P,  +  P,  =  W,andP,BC  =  Pi-AC. 
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iVo  equations  from  which  Pi  and  Pj  may  readily  be  detennined,  frhen  the  poaition 
A>{  the  centre  of  gravity  G  of  the  body  is  knpwn. 

The  reactions  P|  and  P,  will  be  equal  and  opposite  to  the  pressures  produced  by  the 
body  at  A  and  B. 

When  the  body  rests  upon  three  points  A,  B  and  C  (Fig.  3),  we  may  still  find  the 
pressures  produced  by  its  weight  on  these  points. 

Join  the  points  A,  B  and  C.  In  order  that  there  may  be  equilibrium,  the  yertical 
passing  through  G  the  centre  of  gravity  of  the  body  must  fall 
within  the  triangle  ABC.  (Prop.  XXI.) 

Let  C  be  the  point  where  the  yertical  passing  through  C 
cuts  the  triangle  ABC. 

Join  A  C'j  and  produce  A  0'  to  meet  B  C  in  D. 
If  W  be  the  weight  of  the  heavy  body,  we  may  transfer 
the  force  Wfrom  Gito  C.    This  force,  acting  perpendicular 
downwards  at  C,  may  be  resolved  into  two  forces,  Wj  acting 
at  A,  and  Wj  acting  at  D,  both  perpendicular  to  the  plane  of  the  triangle  ABC. 
Where  Wi  +  Wj  =  W,  and  Wf  A  C  =  Wj-  C  D. 

The  force  W^  acting  at  D  may  again  be  resolved  into  two  others,  W3  acting  at  B 
and  W4  at  C,  both  perpendicular  to  the  triangle  A  B  C. 

Where  W3  +  W4  =  W.^  and  Wj-B  D  =  W4-  0  D. 

Prom  these  equations  the  forces  W^,  W3,  and  W4,  which  will  be  the  pressurei 
exerted  by  the  heavy  body  on  the  points  A,  B  and  C, 
may  be  readily  determined. 

If  the  heavy  body  rest  on  the  plane  by  four  points 
of  support,  as  a  table  on  its  four  legs  A,  B,  C,  D,  Fig.  4, 
the  pressures  upon  these  points  will  be  indeterminate 
if  we  consider  the  body  perfectly  rigid. 

For  since  it  may  be  supported  by  any  three  of  the 
points  of  contact,  the  pressure  on  the  fourth  may  be 
either  nothing  or  some  finite  proportion  of  the  weight 
of  the  body.  The  method  used  in  the  two  preceding  cases  to  determine  the  pressures 
will  fail  in  this.  The  only  condition  we  have  is  ^at  the  sum  of  the  pressures  on 
the  points  A,  B,  C  and  D  must  be  equal  to  the  weight  of  the  body ;  and  if  we  consider 
them  as  weights  acting  perpendicularly  to  the  plane  on  which  the  table  rests,  the 
centre  of  gravity  of  these  weights  will  lie  in  the  yertical,  passing  through  the  centre  of 
gravity  of  the  table. 

The  same  reasoning  may  be  extended  to  the  cases  where  the  points  of  contact  are 
more  than  four. 

The  Magic  Cloek. — ^The  influence  of  the  centre  of  gravity  on  the  position  of 
equilibrium  of  a  heavy  body,  which  can  only  turn  round  a  fixed  horizontal  axis,  is  well 
illustrated  by  an  ingenious  contrivance  called  the  mosaic  eloek. 

A  transparent  glass  dial-fSace  has  a  hole  pierced  through  its  centre  at  C  (Fig.  1)  ;  in 
this  is  fixed  a  horizontal  axis ;  on  this  axis  is  placed  the  hour-hand  of  the  clock,  which 
can  move  freely  round  it  to  the  right  or  left.  The  extremity  of  the  hand  opposite  the 
pointer  B  is  terminated  by  a  hollow  ring;  in  this  ring  there  is  a  heavy  spherical  ball  A, 
capable  of  moving  freely  round  it.  This  ball  is  made  to  move  uniformly  round  the 
interior  of  the  ring,  by  a  watch-movement  concealed  in  the  hand,  once  in  twelve  hoan^ 
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in  the  direction  indicated  by  the  arrow  in  Fig.  1.  The  weight  of  the  bill  A  ia  ao  pro 
portioned  to  that  of  the  hand  with  its  concealed  watch- 
work,  that  aa  A  moves  round  the  interior  of  the  nng  G, 
the  common  centre  of  grayity  of  the  ball  and  hand  would 
describe  a  circle  round  the  centre  of  the  axis  C,  if  the 
hand  were  fixed  in  one  position.  Since  the  hand  can  move 
freely  round  G,  for  every  new  position  of  A  the  hand  will 
assume  that  position  which  shall  make  G  6  vertical  (Prop. 
XIX.)  As  A,  therefore,  is  carried  round  the  ring  uni- 
formly once  in  twelve  hours,  the  pointer  of  the  hand  B 
moves  with  the  same  uniformity  round  the  dial  in  the 
opposite  direction,  and  indicates  the  hour. 

The  ball  A,  and  the  watch-movement  which  causes  it 
to  turn  round  the  ring,  being  both  concealed,  the  hand 
seems  to  move  by  itself,  as  if  by  magio.  The  remarkable 
property  that  the  hour-hand  being  made  to  move  by  your  finger  backwards  or  forwards, 
when  left  to  itself,  will,  after  a  few  oscillations,  resume  its  position,  and  point  to  the 
correct  hour,  adds  considerably  to  the  illusion. 

Let  D  (Fig.  2)  represent  the  centre  of  the  ring  round  which  the  spherical  body 


Fig.  1. 


Flg.S. 


dnmlates;  A^,  the  centre  of  the  spherical  body ;  G,  the  centre  of  the  axis  round  which 
the  hand  moves ;  B,  the  centre  of  gravity  of  the  hand  and  its  concealed  watchwork, 
exdunve  of  the  moveable  spherical  body ;  Gj,  the  common  centre  of  gravity  of  the 
hand  and  spherical  body.  Also,  let  W  represent  the  weight  of  the  hand  and  works 
exclusive  of  the  sphere,  whose  weight  is  represented  by  W'. 

Then,  if  W  and  W  be  so  chosen  that  W* B  G  ==  W  -  G  D,  the  common  centre  of 
gravity  G2  of  the  hand  and  moveable  sphere  will  describe  a  circle  round  G,  if  the 
hand  be  supposed  to  be  fixed  whUe  A,  describes  a  circle  round  D. 

Let  A|  represent  the  position  of  the  centre  of  the  sphere,  when  it  lies  in  B  G  D 
produced ;  G|  the  centre  of  gravity  of  the  hand  and  sphere  for  this  position. 

Join  D  A,,  G  G2,  and  B  G,  A,. 

When  the  centre  of  the  moveable  sphere  is  in  the  position  A^,  we  have  a  weight  W 
acting  at  B,  and  another  W'  at  A^,  in  directions  parallel  to  each  other ;  and  since  G^  is 
the  position  of  their  resultant,  we  have  (Prop.  XI.) 

WBGa  =  W-AiGi; 
but  by  the  constraction  of  the  instrument, 

WBG  =  W-CD. 
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„         BGi        A,  Gi        BC  +  CGi        A,  C  —  C  Gi 
Hence  bt"  =  (TF'  ^'  BC        =  " C-D—  ' 

Therefore  CD-BC  +  CD-CGi  =  AiCBC  —  BC'CGi. 
Or  C  Gi  •  (0  D  +  B  C)  =  (A,  C  —  C  D)  B  C. 
And  C  Gi  •  B  D  =  Ai  D  •  B  C. 
A|  D  •  B  0 


Or  C  Gi  =  - 


BD 


When  the  centre  of  the  sphere  is  in  the  position  A^,  we  have  a  weight  W  acting  at 
B,  and  a  weight  W'  at  A^,  in  parallel  directions.    Hence  (Prop.  XI.)  we  hay/D 
WBGa  =  W-A«G3. 
ButWBC  =  W«CD. 

Hence— *  —  :^^» 
Jlence  p  c  ""  C  D  ' 

Therefore  Euo.  B.  vi.  p.  2,  the  line  G  G,  is  parallel  to  A,  D,  and  B  C  O,  and 
B  D  A,  are  similar  triangles ;  and  consequently 

CGj        BO         nn— BC.p, 
ArD=BT'"'^-^»=BD^^- 

But  A,  D  =  Ai  D.    Hence  C  Gg  =  — Ki-fi — •    The  same  value  which  we  hare 

hefore  ohtained  for  C  G^. 

Hence  for  every  position  A^  of  the  centre  of  the  moveable 
sphere  out  of  the  line  B  C  D,  we  shall  have  C  Gj  parallel  to 
D  A2,  and  equal  to  C  Gp 

Aa  Ai  therefore  describes  a  circle  round  D,  G^  will  describe 


Fig.S. 


Fig.  4* 


a  circle  round  0  in  the  same  direction,  and  uniformly  with  it;  the  radius  of  fbia 
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circle  being  equal  to  the  product  of  the  radius  of  the  circle  described  bj  tho  centre  of 
the  sphere,  and  the  distance  of  B  from  0  divided  by  B  D. 

When  the  centre  of  the  sphere  is  in  the  position  Aj,  the  hand  will  rest  in  snch  a 
position  that  C  G^  shall  be  vertical  (Prop.  XIX.),  as  shown  in  Fig.  3.  When  A,  repre- 
sents the  position  of  the  centre  of  the  sphere,  G  O,  wiU  be  vertical,  and  the  hand  will 
rest  in  the  position  shown  by  Fig.  4.  Hence  it  is  evident  that,  as  the  watch-movement 
concealed  in  the  hand  causes  the  centre  of  the  sphere  to  move  from  A|  to  A,,  the 
extremity  of  the  pointer  of  the  hand  will  move  through  a  similar  arc  in  the  opposite 
direction  round  C  as  its  centre. 

aabbtbenuitieal  Deteiminatioa  of  tlM  C«iiti«  of  OraTity  of  a  B«aTy 
Body. — ^The  application  of  Prop.  XYII.  to  find  the  centre  of  gravi^  of  a  body  of 
uniform  or  variable  density,  in  most  instances  requires  the  aid  of  the  differential  and 
integral  calculus  before  we  can  arrive  at  a  solution.  As  this  would  lead  us  beyond  the 
hmits  proposed  for  the  mathematical  department  of  our  work,  we  give  some  instaaces 
of  the  determination  of  the  centre  of  gravity  of  a         *  m^ 

few  geometrical  forms  and  solids  of  uniform  den-  ^ 

dty,  depending  upon  the  properties  of  the  centre 
of  gravity  demonstrated  in  Prop.  XIX. 

Example  I. — To  Jmd  the  centre  of  grtmty  of  a  tri- 
angular plate  of  uniform  thickness  and  density. 

Let  A  B  C  be  the  surface  of  the  triangular  plate, 
bounded  by  two  parallel  triangular  faces,  and  by 
parallelograms  perpendicular  to  these  faces. 

Bisect  B  C  in  D.     Join  A  D. 

Through  b  any  point  in  A  B  draw  bdc parallel 
to  B  C,  and  cutting  A  D  in  ^. 

Then  the  triangle  A  ^  ^  by  construction  is 
similar  to  the  triangle  A  B  D,  and  the  triangle  A  ^  « to  the  triangle  ADC. 

Hence  Euc  B.  vL  p.  4,  -^  =  i-?,  and  A^  =  ^ 

Therefore^  =  ^,  but  B  D  ==  D  C. 

Hence  b  d:=z  d  e;  and  so  it  may  be  shown  that  every  line  drawn  through  any  point 
in  A  B  parallel  to  B  C  will  be  bisected  by  A  D. 

Now  we  may  conceive  the  triangular  plate,  whose  thickness  is  uniform,  to  be  made 
up  of  a  number  of  extremely  thin  slices,  cut  perpendicular  to  the  surface  and  parallel 
toBC. 

Each  of  these  slices  being  symmetrical  will  balance  about  its  centre,  and  therefore 
every  one  of  them  will  balance  about  a  line  drawn  parallel  to  A  D,  and  passing 
through  t})e  centre  of  the  thickness  of  the  plate. 

The  whole  triangular  plate  wiU  therefore  balance  about  this  line. 

Next  bisect  A  B  in  E,  join  E  C  cutting  C  D  in  G. 

It  may  be  shown,  as  before,  that  the  triangular  plate  ABC  will  balance  about  a 
iiiie  parallel  to  E  C,  passing  through  the  centre  of  the  thickness  of  the  plate. 

Since  the  centre  of  gravity  of  the  plate  lies  in  both  the  lines  passing  through  the 
centre  of  the  thickness  parallel  to  C  £  and  A  D ;  the  intersection  of  these  two  lines  must 
b^  the  centre  of  gravi^. 
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Hence  a  point  in  the  middle  of  the  thickness  of  the  plate  below  G  will  be  the  centre 
of  gravity  of  the  plate,  provided  its  thickness  and  density  be  uniform  throughout. 

To  find  G,  join  DE. 

Then  because  A  B  is  bisected  in  E,  and  B  C  in  D, 

Therefore  Euc.  B.  vi..  Props.  2  and  4,  £  D  is  parallel  to  A  C,  and  E  D  =  }  A  C. 

Hence  the  angle  E  D  G  =  angle  G  C  A,  the  angle  at  G  is  common,  and  therefore 
tho  triangle  E  G  D  is  similar  to  the  triangle  AGO. 

Therefore  Euc.  B.  vi.  P-  -*»  ^  =  jS- 

AndAD  =  AG  +  DG=2DG  +  DG=3DG. 
Or  D  G  =  J  A  D. 

Example  II. — To  find  the  centre  of  gravity  of  a  plate  of  uniform  thieknesa  anddenmlif 
bounded  by  parallel"  planes,  whose  upper  and  lower  surfaces  are  paralMograms. 

Let  the  parallelogram  A  B  C  D  represent  the  upper  surface  of  the  plate,  A'  B*  C  I> 

the   lower;   the    other   boundary  plane^ 
)  such  as  B  C  0'  B',  being  perpendicular  to 
ABOD. 

Join  B  D  and  A  G  meeting  in  E,  B'  I) 
and  A'  C'  meeting  in  E'.  A  C  will  bisect 
all  lines  drawn  through  the  parallelogram 
parallel  to  B  D,  and  B  D  will  bisect  all 
similar  lines  drawn  parallel  to  A  0. 

Then  we  may  conceive,  as  in  the  last 
example,  the  plate  as  made  up  of  a  number 
of  parallel  plates,  each  parallel  to  the  plane 
B  B  D'  B',  each  of  which  will  balance  about  a  line  drawn  through  the  centres  of  A  A 
and  C  C 

Again,  we  may  conceive  the  plate  as  composed  of  a  number  of  parallel  plates  parallel 
to  A  A'  C'  C,  which  will  each  balance  about  a  line  drawn  through  the  ceatre  of  D  D 
and  B  B'. 

G,  the  intersection  of  these  Unes,  or  the  centre  of  E  E',  will  therefore  be  the  centre  of 
gravity  of  the  plate. 

To  find  the  centre  of  gravity  of  the  surface  of  any  rectilineal  figure,  we  have  only 
to  divide  it  into  triangles,  find  the  centre  of  gravity  of  each  triangle,  suppose  weights 
acting  at  each  of  these  centres  of  gravity  proportional  to  the  surface  of  the  triangle  at 
whose  centre  of  gravity  it  is  supposed  to  act,  and  then  find  the  centre  of  gravity  of 
these  weights,  which  will  be  the  centre  of  gravity  of  the  figure. 

It  will  be  found  on  calculation  that  the  centre  of  gravity  of  any  triangular  surfieu^  is 
the  same  as  that  of  three  spheres,  or  any  other  body,  whose  weights  are  equal,  placed 
with  their  centres  of  gravity  in  the  angular  points  of  the  triangle.  This  also  applies  to 
a  parallelogram,  but  not  to  all  four-sided  figures. 

Example  III. — To  find  the  centre  of  graoity  of  a  hotnogensous  solid  of  miifitrm 
whose  form  is  i/iat  of  a  pyramid  on  a  triangular  base. 
Let  B  G  D  be  the  base  and  A  the  vertex  of  the  pyramid. 
Bisect  one  of  the  sides  of  the  base  D  G  in  £.    Join  A  E.  B  S. 
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Take  E  O^  one-third  of  B  £  and  E  O,  one-third  of  A  E. 

Join  A  Gj  and  B  G3  meeting  in  G3,  Gj  will  be  the  centre  of  gravity  of  the  pyramid. 

In  A  G  take  any  point  e,  through  e  draw  e  d  paral- 
lel to  C  D  cutting  A  E  in  e,  and  *  «  parallel  to  B  C. 
Join  h  d  and  b  e  cutting  A  G|  in/. 

Then  the  plane  b  e  d  '\%  evidently  parallel  to  the 

plane  BCD,  and  the  line  b  e  parallel  to  the  line  B  E. 

6f         A  s 
Hence  by  similar  triangles  AEGi,  A</,  ^^  =  -j-g 

and  by  similar  triangles  A e d,  AEB,  ^"fi^np 

Therefore  ^  =  |^but  E  Gi  =  J  B  E. 

Hence  «/=  J  of  i  tf. 

Again,  because  ed  is  parallel  to  0  D,  and  0  D  ia 
bisected  in  E,  edis  also  bisected  by  A  E. 

/therefore  is  the  centre  of  gravity  of  the  triangle 
bed. 

In  a  similar  manner  it  may  be  shown  that  the  centre  of  gravity  of  any  triangular 
slice  of  the  pyramid  parallel  to  B  C  D  must  lie  in  the  line  A  Gj,  and  since  we  may  con- 
ceive the  pyramid  made  up  of  an  infinite  number  of  such  parallel  sUcea,  the  centre  of 
gravity  of  the  whole  pyramid  must  lie  in  A  G|. 

By  similar  reasoning  it  may  be  shown  that  the  centre  of  gravity  of  the  pyramid  lies 
in  the  line  B  G2. 

Consequently,  G3  the  intersection  of  the  lines  A  G^  and  B  G,  will  be  the  centre  of 
gravity  of  the  pyramid. 

Join  Gi  G2,  then  since  E  Gj  =  i^  A  E,  and  E  G^  ==  }  B  E,  G^  G,  is  parallel  to  A  B. 
Consequently  the  triangle  G,  G^  G,  is  similar  to  the  triangle  G,  A  B,  and  the  triangla 
E  Gi  Gg  to  the  triangle  E  B  A. 

EG. 


Hence -^-^? 


Therefore 


Gi^ 


and  Gi  G, 


Or  Gi  G3  =  J  A  Gi. 

Hence  the  centre  of  gravity  of  the  pyramid  is  found  to  be  in  the  line  joining  the 
vertex  and  the  centre  of  gravity  of  the  base,  at  a  distance  of  a  fourth  of  its  length. 

ExAMFLB  W.^ToJind  the  Centre  of  Gravity  of  amy  Fj^amid  oftmifvrm  demi^f 
whose  base  is  any  polygon. 

Let  A  be  the  vertex  of  the  pyramid  B  C  D  E  F  H  its  polygonal  beee.  iet  G,  be 
the  centre  of  gravity  of  this  base ;  join  A  Gi,  and  in  A  Gi  take  Gg  so  that  Q,  Q^^  J  A  G^. 
Gj  will  be  the  centre  of  gravity  of  the  pyramid. 

Join  G|  with  each  of  the  angular  points  of  the  base,  through  O2  ^^^  ^^^  plane 
bcdej h  parallel  to  the  base,  and  cutting  A  B  in  6,  A  0  in  0,  &c.,  and  join  G,  r, 
Gjrf,  &c. 

Let.yi  ^e  the  centre  of  gravity  of  the  triangle  B  Gi  C,  join  A  ffi  cutting  the  triangle 
i  Go  <J  in  g^' 

Then  since  the  triangle  bOt^eis  parallel  to  the  triangle  B  G^  C  and  G^  G3  =  i  A  6^; 

VOL,  IX.  H 
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hence  ^i  ^2  =  i  -^  ^i  w^d  92i  is  the  centre  of  gravity  of  the  pyramid  A  B  C  Gi  on  a  tri- 
angular base  Gj  B  C,  and  it  lies  in  the  plane  bedefh.  In  a  similar  manner  it  may  be 
shown  that  the  centres  of  gravity  of  every  one  of 
the  triangular  pyramids  A  Gi  C  D,  A  Gj  D  E,  &c.,  into 
which  the  whole  pyramid  may  be  divided,  all  lie  in 
the  plane  bedefh. 

It  follows,  therefore,  that  the  centre  of  gravity  of 
the  whole  pyramid  must  lie  in  this  plane. 

Again  the  plane  b  e  defhisxa.  every  respect  simi* 
lar  to  the  base,  and  G^  its  centre  of  gravity  will  there- 
fore lie  in  the  line  A  Gi.  In  like  manner  it  may  be 
shown  that  the  centre  of  gravity  of  every  section  of  the 
pyramid  parallel  to  the  base  will  lie  in  A  G^ ;  hence  the 
centre  of  gravity  of  the  whole  pyramid  must  lie  in  A  61. 
"We  have  shown,  therefore,  that  the  centre  of  gravity 
of  the  whole  pyramid  must  be  in  the  plane  e  defh 
and  also  in  tjhe  line  A  Gj.    Hence  the  centre  of  gravity  must  be  their  intersection  G,. 

The  centre  of  gravity  of  any  pyramid  of  uniform  density  on  a  polygonal  base,  will 
lie  in  the  lihe  joining  its  vertex  and  the  centre  of  gravity  of  the  base,  at  a  distance  equal 
to  f  of  its  length  from  the  former,  or  J  of  its  length  from  the  latter. 

The  above  reasoning  is  altogether  independent  of  the  number  of  the  sides  of  the 
polygon,  and  since  we  may  conceive  a  curve  to  be  made  up  of  an  infinite  number  of 
straight  lines,  or  a  polygon  bounded  by  an  infinite  number  of  small  sides,  the  above 
solution  enables  us  to  determine  the  centre  of  gravity  of  a  cone  with  a  curvilinear  base. 
Hence  the  centre  of  gravity  of  a  right  or  oblique  cone  on  any  curvilinear  base  is 
found  by  joining  the  centre  of  gravity  of  the  base  with  the  apex  of  the  cone,  and  taking 
a  point  in  this  line,  equal  to  ^  of  its  length,  measuring  this  point  from  the  centre  of 
gravity  of  the  base. 

Machines. — Any  instrument  by  means  of  which  a  force  is  communicated  from 
one  point  to  another,  so  as  to  keep  at  rest  or  set  in  motion  a  body  acted  on  by  another 
force,  is  called  a  machine.  The  simplest  of  these  instruments  are  corda^  rodsj  and 
hard  planes;  and  these  by  their  combinations  form  all  complex  machines,  however 
various  their  forms  and  actions. 

In  statics  we  only  consider  machines  when  the  forces  acting  upon  them  are  in  a 
state  of  equilibrium ;  motion  will  be  produced  by  an  addition  to  some  of  the  forces 
which  produce  equilibrium.  But  the  discussion  of  this  branch  of  the  subject  belongs  to 
dynamics. 

For  the  sake  of  simplicity,  and  to  enable  us  to  apply  the  theoretical  principles  we 
have  already  proved,  we  consider  cords  as  being  destitute  of  weight  and  perfectly 
flexible,  rods  and  planes  as  perfectly  rigid,  inflexible,  and  without  weight  When  neces- 
sary, we  can  take  the  weights  of  the  elementary  parts  of  our  machines  into  consideration, 
by  considering  their  weights  as  a  force  proportional  to  their  weight  applied  to  the  centre 
of  gravity  in  a  vertical  direction. 

We  also  neglect  the  friction  of  all  surfaces  in  contact  with  each  other.  It  is  evident, 
therefore,  that  our  machines  will  be  theoretical  ones,  which  cannot  exist  in  nature,  and 
whose  properties  cannot  be  strictly  proved  by  experiment.  But  if  we  determine  the 
rigidity*  flexibility,  and  friction  of  the  substances  composing  our  machine  by  experi- 
ment, and  compare  the  force  exerted  by  a  real  machine  with  the  force  it  ought  to 
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exert  by  theory,  we  may  arrive  at  a  knowledge  of  the  retarding  forces  produced  by 
friction  or  want  of  flexibility;  and  thua  by  our  theoretical  knowledge  of  the  com- 
bination of  machines,  estimate  the  forces  produced  by  any  actual  complex  machine,  the 
friction  or  flexibility  of  whose  elements  we  have  determmed.  (See  Fruture^  Trntitm^  and 
FUxibU  Chrda,  page  41.) 

Mecluiiiical  Fow«ra.— The  simplest  combinations  of  these  machines  are  called 
the  mechanical  powers.  They  are  usually  regarded  as  seven  in  number ; — 1,  the  lever ; 
2,  the  wheel  and  axle ;  3,  the  toothed  wheel ;  4,  the  pulley ;  6,  the  inclined  plane ; 
6,  the  wedge ;  7,  the  screw. 

The  wheel  and  axle,  toothed  wheel  and  pulley,  may  be  regarded  as  modifications  of 
the  lever,  and  the  wedge  and  screw  as  particular  cases  of  the  inclined  plane. 

The  Lewex.— The  simplest  form  of  a  lever  is  a  straight  rod,  supposed  to  be 
inflexible  and  without  weight,  resting  on  a  fixed  point  somewhere  in  its  length, 
about  which  it  can  turn  fi^y,  and  having  two  forces  applied  at  two  other  points  of 
the  rod. 

The  fixed  point  on  which  It  rests,  and  about  which  it  can  turn,  is  called  theyWrnnM  ; 
one  of  the  forces  applied  to  it  is  called  the  power  and  the  other  the  weight  The  dis- 
tances of  the  points  of  application  of  the  power  and  weight  from  the  fulcrum  are  called 
the  arms  of  the  lever. 

There  are  three  kinds  of  levers,  distinguished  by  the  relative  position  of  the  power ^ 
weighty  fLXidifiderum, 

Lever  of  thejirst  kind. — In  the  lever  of  the 
first  kind  the  power  P  (Fig.  1)  and  the  weight 
W  apt  in  the  same  direction  on  opposite  sides 
of  the  frdcrum.  F.  A  crow-bar  (Fig.  2),  by 
means  of  which  a  man  raises  a  heavy  body  W 
by  placing  one  extremity  B  under  W,  and  rest- 
ing it  on  an  obstacle  G  while  he  presses  the 
extremity  B',  is  an  instance  of  a  lever  of  the 
first  kind. 

A  poker  's  another.  In  this  case  the  coals 
form  the  weight,  the  bar  of  the  grate  the  ful- 
cnun,  and  the  hand  the 


Fig.  t. 


poirer. 

The  spade  is  a  lever; 
the  ground  against  which 
it  is  pressed  when  the 
handle  is  depressed,  in 
Older  to  turn  up  the  earth 
in  front  of  it,  being  the 
fulcrum. 

Scissors  and  carpen- 
ters^ pincers  are  examples 
of  double  levers  of  the 
first  kind. 


Fig.  2. 


lever  of  the  second  kind.— In  the  lever  of  the  second  kind  the  power  P  (Fig.  8)  and  the 
weight  W  act  in  opposite  directions  on  the  same  side  of  the  fulcrum  F,  the  weight  being 
nearer  to  tiie  fulcrum  than  the  power. 
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A  ctittiiig-kmfe  (Fig.  i)  and  ah  oar  at«  it]fftan<>es  of  leren  of  thfi  Mcoad  kind.    In  tht 

case  of  the  oar^  tlie  arm  of  the  roirsT  \a  iht 
power,  the  prewure  of  the  our  oil  &e  lido  of  tlit 


i"' 


B 

T 
4 


llg.8.  W"  Flf.4. 

lK>at  u  tbe  "wdght,  and  the  point  of  the  "blade  of  tliG  oar,  which  is  fbr  a  moment 
tionary  in  tlie  water^  forma  the  fQlcmm. 

Huterackera  g^Te  a  good  illustratLQii  of 
a  double  lever  of  the  accond  kiod. 

Zepfr  of  th^  third  kind. — In  tho  lover  of 
the  third  kind  tho  powet  P  (Ftg.  6)  and  tho 
weight  W  act  as  in  the  aecond  kind,  in  op- 
posite diri^ctiona  on  tho  Mmo  side  of  tho 
fQlcmm;  but  in  the  third  epecies  of  loTor 
the  power  i»  nearer  tho  fulcrum  thaai  tbo 
weight 

Most  nmacks  in  animals  are  generally 
inaertcd  near  tho  joint,  as  in  Fig,  6,  and  act 
as  levem  of  the  third  kind  \  the  joint  forma 
the  fulcnmi,  the  limh  vhich  the  muscle 
moTeni,  together  with  any  irsistanoe  opposed 
to  its  motion,  repreaenta  tho  weight,  while  the 
force     exerted 
hy  tho  contra<?- 
tionofthemnji- 
ole  is  the  power* 
The  treadle  of  ft 
turning -ktha^ 
or   raior-grfn- 
deKs  ma^ddDOf 
where  the  foot 
of  the  operatoir 
acta     aa     tho 
power,isaloTer 
of     the    third 
kindL 

A  pair  of  tongSj  or  a  pair  of  aheep-ahcan,  afford  familial:  iailanoa  of  double  leTera  <^ 
Ihe  third  kind. 


Hff^B, 


Tl^.fl. 
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PROPOSITION  XXIIL 

Ib/mf  tke  OMtditmmi  of  EpUlibrimm  and  the  Frtuwr9  on  tho  Fklcrum  wJkon  two  PuraM 
iarcM  act  in  thootumpUme  on  a  ttraiglU  tovor. 

Let  P  and  W  be  two  panUel  forces  actmg  at  A  and  B,  on  the  straight  lerer  A  B 
▼hose  Mcmm  is  F  in  each  of  the  thxee 
kinds  of  levers. 

And  let  A  P  and  W  B  (Figs.  1,  2, 
snd  3)  represent  these  forces  in  magni- 
tude and  direction. 

In  order  that  there  may  be  eqoili- 
briom,  the  resultant  of  the  two  panJlel 
forces  must  pass  through  F,  and  the 
pressure  on  that  point  will  be  equal  to 
their  resultant,  and  this  will  be  destroyed 
by  the  resistance  of  the  fulcrum. 

The  proposition  is  therefore  reduced 
to  the  case  of  Prop.  XI.,  which  we  have 
already  demonstrated,  and  from  thit 
we  may  leam  that  the  pressure  on  F 
will  be  equal  to  P  4-  W  acting  in  a  di« 
netion  panOld  to  P  or  W. 

And  also  that  P-AF  =  W-BFor^ 

BP  . 

sr  T-^p  Ml  every  case. 
A  F 

From  this  we  find  that  ia  the  leva 
of  the  first  kind,  the  power  may  be  leu 
tiian,  equal  to,  or  greater  than,  the 
weight ;  in  the  second  kind  the  power 
is  always  less;  and  in  the  third  kind  _ 

always  greater  than  the  weight.  ' 

In  the  preceding  cases  we  have  supposed  the  lever  to  be  without  weight ;  we  shaU 
show  Bow  to  take  the  weight  of  lever  into  consideration  in  the  oases  of  the  balance 
sad  stedyard. 

PROPOSITION  XXIV. 

IhJInd  the  Omditiom  of  EquUihmm  of  two  Foreet  acting  in  thioamopluni  dfi  a  BoM 
lever,  when  the  direetione  of  the  Foreea  utt  not  Parallel, 

I^  A  0  B  be  a  bent  lever  consisting  of  a  portion  of  a  plane  rigid  body,  supposed  to 

destitute  of  weight.    C  the  fiilcnim  about  which  the  lever  turns. 

A«ad  B  the  points  of  application  of  iiie  two  forces  represented  in  magnitude  and 
/ectaan by  AP  and  B  W. 

The  effect  of  these  fi>vcef  will  be  to  produce  a  pressure  on  C ;  and  when  there  is 
pdUbrium,  this  pressure  must  be  destroyed  by  the  reaction  R  of  the  fulonim  C,  repre- 
Qted  IB  asagnitodi  snd  diMdaon  by  0  R. 

Letaandilbethe  angles  which  AP  and  BW  prodooed;  make  with  a  line  CZ 
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drawn  through  C  at  right  angles  to  the  vertical  C  Y  passing  through  G.    0  the  angle 
GB  makes  with  ex. 


^/(^ 


B  and  B  are  two  unknown  quantitieB  which  we  have  to  determine :  through  G  draw 
G  £  and  G  D  perpendicular  to  A  P  and  B  W  produced. 

We  may  regard  our  lever  as  a  rigid  body  kept  in  equilibrium  by  the  three  forces 
P,  W/and  B.  Besolving  tiiese  forces  into  forces  parallel  to  G  X  and  G  Y,  X^  and  Y| 
being  the  resolved  parts  of  P,  X2  and  Yj  those  of  W,  and  X,  and  Y3  those  of  B. 

Taking  moments  about  G,  we  have  by  Prop.  XVIII.  the  following  conditions  of 
equilibrium : — 

(1)  X3  +  Xjj  —  Xi  =  0,  or  B  cos  e  +  W  cos  /B  —  P  COS  a  =  0. 

(2)  Yj  — .  Y3  —  Yi  =  0,  or  B  sin  fi  —  W  sin  /B  —  P  sin  a  =  0. 
And     (3)    PCE  — WGD  =  0. 

From  this  last  equation  we  obtain  P  •  G  E  =  W  •  G  D,  or 

P        CD       Perpendicular  on  direction  of  W  . 
W       mi       Perpendicular  on  direction  of  P  ' 
From  equations  (1)  and  (2)  we  can  determine  B  and  0,  and  consequently  the  magni- 
tude and  direction  of  the  pressure  on  the  fulcrum^  which  will  be  equal  to  B,  and  act  in 
the  direction  opposite  to  G  B. 

Transposing  equation  (1)  B  cos  0  =  P  cos  a  —  W  cos  /3. 
„  „        (2)  Bsine  =  Psina-f  WsinjS. 

Dividing  one  of  these  equations  by  the  other,  we  have 

tan  e  =  ^"^'"^3°'°^,  which  determines  B. 
Pcoso  — WcosiS 

Or,  adding  their  squares,  we  have  - 
B»  (cos2d+sin2d)=P2  (cos3a+sm«a)+W»(oos2iS+sin2iS) — 2PW  (oo8acosi9— stnasmiQ. 

Hence,  Trigonometry,  pages  296  and  304, 

B2  =  P»  +  W»  —  2  P  W  cos  (a  4-  $)y 
which  determines  the  magnitude  of  B. 

If  we  had  supposed  B  instead  of  G  the  point  of  application  of  the  folGmm,  and  taken 
our  moments  about  B,  we  should  have  bad 
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P       Perpendicular  oti  direction  of  R 
H       Peq>endicular  on  direction  of  P 
Hence  the  condition  of  equilibrium  in  a  lever  of  any  kind,  m  that  thepowir  mmt  U 
to  the  weight  inversely  as  the  perpendiculars  drawn  from  theftUerum  on  their  direeHons, 

The  bent  lever  evidently  includes  the  straight  one,  as  in  the  latter  case  A,  B,  and  C 
are  in  the  same  straight  line. 

The  Bent-leTOi  Balance.— The  bent-lever  balance  is  a  machine  which,  within 
certain  limits,  enables  us  to  weigh  substances  with* 
out  the  use  of  weights ;  it  consists  of  a  bent  lever 
whose  two  arms  are  A  C  and  B  C,  moveable  about  a 
fulcrum  C.  The  fulcrum  C  is  fixed  to  a  stand  which 
carries  a  graduated  arc ;  over  this  arc  the  extremity 
B  of  the  lever  moves  as  G  B  turns  round  the  fulcrum 
C.  From  the  other  extremity  A,  a  scale-pan  E  is  so 
suspended  as  to  have  its  centre  in  all  positions  of 
the  lever  in  the  vertical  passing  through  A. 

A  weight  D  is  fixed  to  the  arm  G  D  so  as  to 
bring  the  centre  of  gravity  of  the  whole  lever  and 
scale-pan  to  some  point  below  the  fulcrum  G:  the  magnitude  of  this  weight  is  so 
arranged  that  the  extremity  B  of  the  lever  shall  point  to  zero  on  the  graduated  aro, 
when  the  scale-pan  is  empty  and  the  lever  in  a  state  of  equilibrium. 

To  graduate  the  arc,  weights  of  1,  2,  3,  &c.,  pounds  or  ounces,  or  whatever  denomi- 
nation of  weight  the  instrument  is  intended  to  indicate,  are  placed  successively  in  the 
scale-pan ;  and  the  corresponding  points  of  the  arc  over  which  B  rests,  aro  marked  on 
the  scale  as  1,  2,  3,  &c. 

This  balance  is  of  great  use  for  determining  quickly  the  weights  of  bodies  where 

extreme  nicety  is  not  essential. 

To  explain  the  graduation  of  this 
balance  mathematically, 

Let  G  be  the  fulcrum  of  the  lever, 
A  G  and  B  G  its  arms;  let  O  in  B  G 
be  the  centre  of  gravity  of  the  whole 
lever,  exclusive  of  the  scale-pan  and 
wire  by  which  it  is  suspended.  Let 
W  represent  this  weight,  and  let 
GA=:0andGa=:d.  Also  let 
S  represent  the  weight  of  the  scale- 
pan  and  wire  by  which  it  is  sus- 
pended, P  that  of  a  body  placed  in 
the  scale-pan. 

Let  0  be  the  angle  G  B  makes 
with  a  line  D  G  E  drawn  through 
G  perpendicular  to  G  F,  the  vertical  passing  through  G ;  iB  the  angle  A  G  makes  with 
DCE. 

Also  let  a  =  B  G  A  be  the  angle  the  arms  of  the  lever  make  with  enoh  other,  and 
let  a'  =  180  —  a,  and  let  B  and  £  be  the  points  where  the  vertical  lines  passing  through 
A  and  a  cut  the  line  D  G  E. 

Then  Pirop.  XXIV.  (P  +  S)  •  G  D  =  W  •  G  E, 


>^p+S 


Digitized  by 


Google 


104  THE  BALANCE. 


or  (P  +  8)^  cos  /8  =  W  •  4  co»  fl, 

but  /3  =  90  •—  a  +  a'  =  90  —  (fi  —  o*) ;  hence  cos  8  =  8in  (9  —  oO- 

Therefore  (P  +  S)a  an  (^  —  o')  =  W*  coe  d, 

or  (P  4-  8)0  {  sia  0  cos  a'  —  cos  9  sin  a'  }  =  Wb  cos  9, 

and  tan  9  cos  a'  —  sin  a'  =  rp  is\ 
W'b 


or  tan  9  =  >w  ,   gv 7  +  tan  ct*. 

(P  +  S)a  «"-  -'    ' 


\)a  cos  a 


Hence  if  ve  wish  to  graduate  the  arc  for  pounds,  we  must  take  P  successiyely  equal 

W  •  b 

to  0, 1, 2y  Zy  &c,y  pounds,  in  which  case  tan  0  will  be  successiyely  equal  to-^- -,  -|-  tan  a^, 

(S  +  l)acos«'  +*^«^'   (S  +  2)aco8«'  +*^">   (8  +  3)acosa-  +*^«'  *^- 
where  W  and  S  represent  the  weight  of  the  lever  and  scale-pan  in  pounds. 

Th«  Gomiaoa  Balance.— Thia  instrument  is  popularly  caUed  the  seaUty  or  a 

pair  of  aeales,  and  is  perhaps  more  fre- 
quency used  than  any  other  for  deter^ 
mining  the  weights  of  substances  or 
goods.  It  consists  of  a  lever  supported 
on  an  axis  or  fulcrum  equally  distant 
from  its  two  extremities ;  under  each  of 
these  extremities  a  dish  is  suspended,  in 
one  of  which  the  substance  to  be  weighed 
is  placed,  and  in  the  other  the  weights 
by  which  its  value  is  determined. 

The  lever  is  so  constructed  as  to  be 
capable  of  moving  on  its  axis  in  a  ver- 
tical plane;  and  when  a  given  weight 
is  placed  in  one  dish  and  a  substance 
equal  in  weight  to  it  in  the  other,  after 
vibrating  some  little  time,  it  assumes 
a  horizontal  position.  When  a  sHght 
excfess  of  weight  is  added  to  either  dish,  the  lever  again  vibrates  and  assumes  such 
a  position  of  rest  that  the  extremity  above  the  dish  containing  an  excess  of  weight  over 
the  other,  lies  below  the  horizontal  line.  The  lever  is  called  the  beam;  and  the  two 
dishes,  aeaU-pana, 

There  are  three  requisites  in  a  balance : — 

lirat, — ^When  equal  weights  are  placed  in  the  scale-pans,  the  two  extremities  of  the 
beam  should  rest  in  a  perfectly  horizontal  line.    This  is  called  its  horizontdliiy. 

Second. — On  the  slightest  addition  of  weight  to  either  scale,  the  beam  should  lose 
itslidrizontal  position.  This  is  called  its  aensibility,  and  is  measured  by  the  smallest 
weight  which  causes  the  beam  to  depart  from  its  horisontaliip. 

I%ird. — ^After  any  disturbance  the  beam  should  assume  a  state  of  rest  as  speedily  as 
possible:  this  is  called  its  «<a^*^«Vy. 

We  shall  now  proceed  to  consider  the  mathematical  conditions  which  must  be  satis- 
fied, in  order  to  obtain  these  requisites ;  for  this  purpose  we  must  first  oonfine  our 
attention  to  the  construction  of  the  beam. 


Digitized  by 


Google 


TRB  BALAIfCB. 


105 


Let  A  B  represent  the  beanii  Q  its  centre  of  gniTity,  and  G  the  point  on  which  iu 
axis  or  fnlcrom  ib  supported. 

Join  A  B,  and  produce  G  G  to  meet 
A  B  in  the  point  D. 

To  secure  the  karwmtalitff  of  th« 
beam,  the  points  C  and  O  must  not  coin- 
cide, for  if  they  did,  from  the  properties 
of  the  centre  of  gravity,  we  should  have 

indifferent  equilibrium,  and  the  beam,  either  by  itself  or  when  loaded  at  its  extremities 
with  equal  weights,  would  rest  in  every  position  in  which  the  line  A  B  might  be  placed. 
When  C  does  not  coincide  with  G,  by  Piop.  XIX.,  and  the  beam  is  at  rest  C  G 
will  assume  a  vertical  position ;  hence  in  order  that  A  B  may  be  horizontal,  0  D  must 
be  perpendicular  to  A  B.  In  order  that  this  horizontal  position  may  be  that  of  equi- 
librium when  equal  weights  are  suspended  from  A  and  B,  we  must  also  have  A  D  =  B  D. 
The  axis  0  is  generally  a  prismatic  piece  of  metal,  which  pierces  and  also  is  firmly 
fixed  at  right  angles  to  the  beam.  This  prism  rests  on  one  of  its  edges,  technically 
called  the  knifi-^e,  on  a  plane  or  curved  surface,  so  placed  as  a  support  on  each  side  of 
the  beam,  that  the  edge  or  line  of  support  about  which  the  beam  oscillates  is  hori2(mtal 
and  perpendicular  to  the  plane  in  which  it  oscillates.  The  axis  might  be  a  cylinder 
or  cone  working  in  a  socket,  but  the  knife^tdge  is  generally  preferred,  in  order  to  avoid 
friction  as  much  as  possible. 

The  conditions  of  AorwmUUitj^  given  above  require,  therefore,  that  the  plane  passing 

through  the  line  of  support  and  the  cen* 

^  -C ^     tre  of  gravity  of  the  beam  shall  be  at 

right  angles  to,  and  also  bisect,  the  line 
passing  through  its  extremities,  or  the 
points  from  which  the  scale-pans  are 
suspended. 

To  determine  the  other  two  condi- 
tions, retaining  the  same  letters  as  be- 
fbre,  let  two  unequal  weights  P  and  Q, 
represented  in  magnitude  and  direction 
by  AP  and  B  Q,  be  suspended  from  A 
andB. 

Let  $  be  the  angle  A  B  makes  with 
the  horizontal  line  p'  ^  drawn  through 
the  point  D,  and  let /»^  cut  A  P  in  p  and 
AQin^. 

Through  C  draw|»  q  parallel  to  j^  9^,  and  cutting  A  P  in  /y,  and  A  Q  in  ^.  L^t  W, 
represented  in  magnitude  and  direction  by  G  W,  be  the  weight  of  the  beam  and  its  axis, 
and  let  the  line  G  W  cut /» 9  in  tr,  j^  ^  in  u<. 

Also  let  A  D  =:  D  B  =  a,  C  G  =  *,  and  C  B  =  «. 

Since  C  D  is  at  right  angles  to  A  B,  and  9  is  the  angle  A  B  makes  witii  the  hori- 
mtal  line  jp'  ^,  it  will  also  make  the  angle  9  with  the  vertical  line  wQtvf, 

Also  because p  ^ is  parallel  to^V  t^id  P|7',  w  «c<  and  ^^  are  parallel  to  eadi  other, 
ip'^zpfufy  and  q%9:=.^itf. 

Taking  the  moments  of  the  three  forces  P,  Q,  and  W,  about  the  point  G,  we  ihall 
Kve^  as  a  condition  of  equilibrium, 
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BuiCq^=:Cie  +  wgz=:Civ  +  i(fg^ 
zzzCw  +  vfD  +  Bgf 
=  C  G  sin  a  +  6D  sin  e  +  DB  COB  f 

^zhsmd-^  {e  —  ^)  sin  0  -I-  0  cos  9 

ApdkQp=zpw  —  Gwz=p^u/  —  Cw 
zzip'B-^ufD  —  Cw 
=  a  cos  0  —  (e  —  h)  smB  —  £  sin  9 
=  a  cos  9  —  0  sin  0. 
Also  C  «;  =  ^  sin  9. 

Substituting  these  values  of  Cg,Opf  and  C  t<^  in  the  equation  W  *  Ctp  -J^Q*  Cq^ 
•  Cp,  wo  have 

W  *  d  sin  0  -I-  Q  (0  sin  9  -|-  a  cos  9}  ==  F  (a  cos  9  —  0  sin  0). 
Dividing  both  sides  by  cos  B 

W-3tan«  +  Q(<?tane  +  a)=P(a  —  «tan«); 
Or  (Wi  +  Qo+P(>)tan«=(P  — Q)a; 

And  ^^  * 


FITQ- Wi  +  (P  +  Q)(^• 
No-w  the  sennbUiiy  of  the  balance  for  a  given  difference  of  P  and  Q  will  be  greater 
the  greater  the  angle  B ;  also  for  a  given  value  of  0,  the  sensibility  will  be  greater  the 
smaller  the  difference  between  P  and  Q.    Since  tan  B  is  greater,  the  greater  the  angle  By 

it  follows  that  = is  a  measure  of  the  sensibility  of  the  balance. 

Hence  the  greatest  sensibility  will  be  attained  ^hen  i^  .    .    ^^  .    - .  -    isasgrea^ 

or    5^*+iL+.^  as  smaU  as  possible. 
a 

In  making  this  calculation  we  have  neglected  the  friction  of  the  edge  of  the  fulcrora 
on  its  supports,  which  will  have  a  tendency  to  diminish  the  sensibility. 

In  instruments  where  great  accuracy  is  required,  such  as  chemical,  philosophical,  and 
assay  balances,  this  friction  is  diminished  as  much  as  possible  by  making  the  knife-edge 
of  the  fulcrum  of  hard  polished  steel,  and  the  support  on  which  it  rests  a  plane  of  polished 
agate.  Having  thus  obviated  the  diminution  of  sensibility  due  to  this  friction,  it  ap- 
pears from  the  above  expression  for  the  sensibility  of  the  balance,  that  it  will  be  greater, 
the  greater  a  is  and  the  less  W,  &,  and  c  are. 

We  must,  therefore,  make  the  beam  as  light  and  as  long  as  we  possibly  can,  and  the 
distances  of  G  and  D  from  G  as  small  as  may  be  consistent  with  other  conditions. 

The  scale-pans  and  the  cords,  or  apparatus  by  which  they  are  suspended,  must  also 
be  made  as  light  as  can  be,  compatible  with  the  uses  of  the  balance,  as  they  inorease  tho 
values  of  P  and  Q,  whose  sum  is  an  element  which  diminishes  the  sensibility. 

When  equal  weights  act  on  A  and  B,  the  extremities  of  the  beam,  its  stability  is 
measured  by  its  tendency  to  resume  a  state  of  rest,  after  its  equilibrium  has  been  dis- 
turbed. This  tendency  will  depend  upon  the  magnitude  of  the  sum  of  the  moments  of 
the  forces,  about  the  point  0,  for  any  given  position  of  the  beam ;  «'.  0.  for  any  particular 
value  of  B, 

The  sum  of  the  moments  of  the  three  forces  P,  Q,  and  W  about  C  when  A  B  is  in- 
clined at  an  angle  9  to  the  horizontal,  or  0  D  at  the  same  an^  to  the  vertical,  will  be 

Digitized  byCjOOQlC 

i 


THE  BALANCE.  107 

WCw+QCj  — PC/>; 
or  W  &  sin  9  -f  Q  («  sin  9  4-  a  coe  0)  —  P  (a  oo6  9  —  «  on  ^. 

When  P  and  Q  are  equal,  this  expression  becomes 

W&8in0  +  P«sin0  +  P«sin0; 
or  (W  •  i  +  2  P  •  ^)  sin  •. 

When  $  is  xero,  sin  •  is  also  zero,  and  this  expression  becomes  the  same,  or  the  smn 
of  the  moments  is  zero,  which  it  mnst  be  in  order  that  there  should  be  equilibrium* 
But  for  any  other  finite  value  of  •,  the  magnitude  of  the  itahility  will  be  greater,  aa 
W  *  &  -4-  2  P  *  c  is  greater ;  that  is,  as  W,  P,  ^  and  c  are  greater. 

These  conditions  are  contrary  to  those  required  for  tetmbility^  which  for  any  gireii 
Talue  of  a,  demand  that  W,  P,  b  and  e  shall  be  as  small  as  possible. 

Hence,  while  the  aim  of  the  balance  remains  of  the  same  length,  any  increase  of 
tmtibUity  is  made  at  the  expense  of  its  wtahility ;  but  the  quantities  b,  0,  W  and  P 
remaining  the  same,  we  may  increase  the  tmtibility  without  injury  to  the  ttabilitjf  by 
increasing  a,  or  the  length  of  the  aim  of  the  balance. 

Where  minute  differences  of  weight  are  not  matters  of  importance,  and  quickness  of 
detennination  essential,  as  in  weighing  substances  rapidly,  which  are  not  of  great  Talue 
in  proportion  to  their  weight,  stability  is  of  more  importanoe  than  aMmbility.  The 
leyerse,  however,  is  the  case  where  the  substance  is  of  great  value  in  proportion  to  its 
weight,  or  where  extreme  accuracy  is  required. 

In  all  that  has  been  said,  it  must  be  remembered  that  the  weight  P  includes  that  of 
the  scale-pan,  together  with  the  apparatus  by  which  it  is  suspended. 

The  scale-pan  must  be  so  suspended  that  its  centre  of  gravity,  as  well  as  that  of  the 
weight  or  substance  placed  in  it,  may  be  exactly  in  the  vertical  line  passiog  through 
the  extremity  of  the  beam,  from  which  it  is  suspended.  From  the  mathematical  ex- 
pressions given  above  for  tetuibility  and  gtabilityy  both  depending  upon  P,  it  foUows  that 
the  same  balance  will  have  different  degrees  of  these  qualities  according  as  it  ia  used 
for  determining  greater  or  less  weights.  The  quantities  of  substances  which  are  used 
in  philosophical  or  chemical  balances  being  generally  very  small,  a  balance  which  is 
very  sMsible  when  no  weight  is  placed  in  the  scales,  will  be  of  almost  equal  muibility 
hr  every  weight  with  which  it  is  intended  to  be  used. 

A  needle  is  usually  fixed  to  the  beam  in  the  direction  of  the  liue  C  O,  which  points 
vertically  upwards  or  downwards  when  the  beam  is  in  a  horizontal  position.  A  graduated 
arcor  scale  attached  to  the  support  of  the  balance  to  indicate  the  arcs  described  by  the 
extremity  of  this  needle,  as  the  beam  oscillates,  is  a  very  convenient  addition.  When 
6  iB  very  near  C,  the  oscillations  will  be  very  slow;  in  this  case,  the  equality  of  the 
weights  in  the  scale-pans  may  be  ascertained  by  means  of  the  index-needle,  before  the 
balance  comes  to  a  state  of  rest  When  the  weights  are  equal,  the  extremity  of  the 
needle  will  describe  equal  arcs  on  both  sides  of  the  vertical  line ;  when  they  are  unequal, 
the  scale  which  preponderates  will  be  indicated  by  a  greater  arc  being  described  on  that 
nde  than  on  the  other.  This  method  renders  stability  oT  much  less  importance  than 
sensibility. 

Where  great  accuracy  is  required,  the  Jurors  for  Philosophical  Instruments  in  the 
Great  Exhibitionof  1851 ,  in  their  Beport,  recommended  the  disuseof  thislongindex-needle, 
almost  in  contact  with  the  graduated  arc,  and  the  substitution  in  its  place  of  a  graduated 
arc  attached  to  one  end  of  the  beam.  This  arc  is  viewed  through  a  fixed  compound  micro- 
scope, having  a  horizontal  wire  in  the  focus  of  the  eye-piece ;  or  by  a  mirror  attached 
to  the  beam,  in  which  the  reflected  image  of  a  scale  is  viewed  through  a  telescope. 
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In  very  aocurato  matrum^jnt^  the  ficale-pana  are  BUfipcnded  fhtm  st^d  knife-^g^ 
restiiig  on  agate  planes  fixed  to  the  cxtrE^mities  of  the  beam.  The  balance  ahouldb^ 
constructed  as  muck  a&  po^ible  of  bms^  as  steel  and  kon  are  apt  to  acquire  ma^eti^ 
properties.  Palladiuni  has  been  used  for  the  conatnictiou  of  th©  beauij  aad  pktiuum  ib 
to  be  preferred  for  the  ecale-paus.  When  glass  scslc-paae  axe  used,  care  must  be  taken 
not  to  excite  their  electrical  piopertieg ;  a  difference  of  half  a  grain  may  be  produced  by 
merely  cleaning  ene  ef  the  glass  ^ales  with  a  dry  silk  handkerchief.  In  constructing 
the  beam,  care  mu^t  be  taken  by  making  it  hollow^  or  if  eolid  by  cutting  out  portions 
of  it,  to  secure  the  greatest  degree  of  lightness  with  the  greatest  length  of  arm,  which 
is  compatible  with  ita  rigidity,  er  the  rentention  of  ita  form,  under  all  the  weighta  to 
which  it  is  intended  to  ha  subjeeted* 

All  very  sensitive  balances  have  a  contriYance  by  vhich  the  knife-edgcfl  which 
support  the  beam  and  aeale-pans  are  lifted  from  the  planes  on  which  they  play,  when- 
ever the  instrnment  is  not  in  use»  The  knife-edges  are  tTms  preserved  from  beeeming 
blunt,  or  wearing  the  agate  planes,  and  the  beam  h  fretjd  as  much  as  possible  from 
every  strain  which  would  tend  to  alter  its  Ehape. 

In  addition  to  aU  these  precautions,  the  balance  c}io\dd  be  enclosed  in  a  gUss  caAe, 
for  its  preservation  from  dust  and  injury  :  to  prevent  error  fix)m  tho  action  of  currents 
of  air,  a  window  at  the  side  afibrds  tie  mcana  of  introducing  weights  and  the  substance 
to  be  weighed,  without  removing  the  case.  A  cup  containing  quick-lime,  or  some  other 
powerful  absorbent  of  moisture,  should  also  be  kept  within  the  case. 

Bamsden  constructed  a  balance  for  the  Eoyal  Society  of  sucli  extreme  sensiHUty^  that 
when  weighed  with  10  ponndE,  it  turned  with  about  the  thousandth  part  of  a  grain. 

From  the  above  deaeription  it  is  manifest,  that  the  construction  of  a  perfect  balaneo 
may  be  regarded  as  impossible,  though  one  may  hw  nearer  than  another  to  peifection, 
Borda  invented  a  very  simple  method^  by  means  of  which  very  accurate  results  may 
be  obtained  by  a  balance  suflGiontly  sensitive  and  well-constructed  on  iti  knife-edges, 
though  the  points  of  ausponaion  of  the  scale-pans  may  not  be  equidistant  from  its  fulcrum. 

His  ingeniovis  device 
is  to  weigh  the  article 
whose  weight  is  to  be 
determined  by  weights  or 
any  other  substance,  such 
as  sand,  placed  in  the  other 
scale :  when  equilibrium 
has  been  thus  obtained,  the 
artide  is  removed  and  re- 
placed by  weights  until 
equilibrium  has  been  again 
resti^red.  Tliese  latter 
weights  determine  thftt 
ef  the  article ;  ajid  thus 
any  error  arising  from  in-  j 
equality  of  the  ann^  of  thfl:/ 
balance  is  eliminated,  * 
The  Rfrnmn  Bteelyatd  cur  BalAnce, — This  balance  consists  of  an  iron  or  etce* 
lever  A  B,  with  unequal  arms  A  C  and  B  C  resting  on  a  fulcrum  with  a  knifo-edgB  t 
C,  which  plays  on  a  pivot  passing  through  a  support  held  or  suspended  by  &  ring, 
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shown  in  Fig.  1.  The  substance  P  vhose  weight  is  to  be  determined  is  suspended  from 
the  point  A  by  a  hook,  while  a  constant  weight  Q,  called  the  eaunterpoitef  is  attached  to 
a  ring  B,  which  can  be  slipped  along  the  louger  arm  0  B.  The  edge  of  the  arm  G  B  ii 
so  graduated  that  the  point  B  at  which  the  counterpoise  Q  suspended  fiom  it  balaooes  P, 
detenmnes  the  weight  of  the  latter  in  pounds  and  ounces,  or  any  other  eonrenient 
denomination  of  weight  for  which  the  steelyard  nay  have  been  graduated. 

The  steelyard  is  sometimes  furnished  with  a  second  fulcrum  and  apparatus  for  its 
suspension,  nearer  to  A  than  C ;  the  position  of  the  leyer  is  then  inyerted,  and  another 
graduation  on  what  was  before  the  under  edge  of  the  arm  B  C,  gires  the  weight  of  P 
for  the  new  i>osition  of  the  fulcrum.  The  same  instrument  has  thus  two  different 
ranges  of  weights  for  the  same  counterpoise,  the  fulcrum  nearer  to  A  being  used  for 
substances  lying  within  a  range  of  weights  greater  than  that  for  which  the  other  ia 
graduated. 

To  Graduate  the  lUman  Steelyard.— Thd  Roman  steelyard  may  be  regarded  as  a 
heavy  lever  with  unequal  arms  resting  on  a  fulcrum  C. 

Let  W  be  the  weight  of  the  lever  and  the  hook  or  scale-pan  by  which  P  is  suspended, 
G  the  position  of  their  joint  centre  of  gravity,  Q  the  weight  of  the  counterpoise,  together 
with  the  ring  and  chain  by  which  it  is 


suspended  from  B  C. 

The  steelyard  may  now  be  considered 
as  a  lover  without  weight,  whose  fulcrum 
is  C  (Fig.  2),  acted  on  by  three  parallel 
and  vertical  forces,  P,  "W  and  Q,  at  the 
points  A,  G,  and  D,  represented  in  mag- 


— f 

\  W 


i: 


Fig.  1 


nitude  and  direction  by  the  lines  A  P,  G  "W,  and  D  Q. 

When  these  forces  produce  equilibrium,  taking  moments  about  the  point  C,  we  have 

PAC=:WG0-1-Q'0D. 
Hence,  transposing,  we  have 

Q  •  G  D  =  P  •  A  C  —  W  •  G  0 

orGD  =  ^AC  — ^GG. 

Now  let  Di,  Dj,  D,,  D4,  &c.  (Fig.  3),  represent  the  distances  from  G  at  which 
p» Pj  p^ Pi     c      P  A      ^^ig^t"  o^  oiie»  two,  three, 


four,  &o.,  pounds,  or  any  other 

^'  '•  unit  of  weight  for  which  the 

steelyard  is  to  be  giaduatedy  suspended  from  A  are  respectively  balanced  by  the  coun- 
terpoise Q. 

Substituting,  therefore,  for  P  the  numbers  1,  2,  3,  4,  &c.,  and  Dj,  Dj,  D,,  D4,  &c., 
for  I)  in  the  above  equation,  we  have 

GDi  =  ^-?GG 


Q 
GD,  =  2^-JgC 


Q 

,AC 
Q 


GD4  =  4':^-^GG,&o. 
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W  AC 

la  A  C  take  a,  point  B  Audi  that  B  C  :=^  ^  G  C,  and  make  B  D^  ^  -^,  wliere  Q 

iwpreicnta  the  weight  of  the  coimtorpoiae,  in  the  same  unit  which  ia  chosen  for  thfl 
graduation,  then  make  Di  Dj  =  B  D^,  D^  Dj  =  B  Di,  Dj  D^  =  B  D^,  &«,  Dj,  D^, 
D^f  B^f  &o»,  wiU  m&rk  the  point*  at  which  the  counterpolae  G  will  baianoe  ireighta  of 
1,  2f  3 J  4j  &o^,  pounds  miapended  from  A. 

For  G  Di  =  B  Di  —  B  C  =  ^  —  ^  G  C. 

AC      W 
CDi  =  BD»^BC  =  2BDi  —  BC  =  2-Q'— qOC. 

CD,  =  BD,--BC=;3BDi-BC  =  3  ^— ^  <^  a 

CD4  =  BDi  —  BC  =  4BDi  —  BC  —  4'^^  —  -^GC, 

When  the  instrument  is  no  couHtmcted  that  the  centre  of  gravity  G  of  the  steely&rd 
and  aeale,  or  hook,  lies  in  tho  Toitical  Une  paaaing  through  C^  the  quantity  B  C  at 

-^  G  C  bflcomcfi  zero,  and  the  points  of  gradnfltioa  are  taken  at  equal  intervals  from  C. 

The  X>»nlflh  Stselymxd  ot  B&lanc*. — This  inatrument  difers  from  the  Roman 

steelyard  in  theee  respec^  that  the  countfir- 
poise  is  filed  at  one  of  its  extremities,  while 
the  fulnnim  ia  moyeable.  The  edge  of  tiie 
steelyard  is  graduated^  and  the  point  at 
which  the  fulcrum  ia  placed  to  cause  the 
filed  counterpoise  to  balance  the  substance 


T 


-w 


ta 


tp 


whose  weigtt  is  to  be  determined ,  marks  its  value, 

Ta  GraduaU  th^  Bani/ih  St^lyard.—lAit  P,  W,  ft  and  the  straight  Hnei  P  A,  G  W^ 
and  D  Q  represent  the  same  forec«  in  this  cose,  as  in  that  of  the  Roman  Bteelyard ;  in  this 
instance,  howeverii  it  ia  0  and  not  1/  which  is  the  moveable  point. 

Then  taking  moments  of  the  forces  a"*  before,  about  the  point  C,  ire  have 
P^AC  =  WGC  +  Q-J)C 

—  W  (A  G  ^  A  C^  -i-  Q  (A  D  —  A  C), 
By  traEsposition  {P  +  W  +  Q)AC  =  'W-AG  +  a*AD; 
Wj_AG  +  Q^i^ 

let  C„  Cj,  Cg,  C^  &c.,  Mpressftut  the  pointa  at  which  J,,  2,  S,  4,  &o.,  pounds  will  be 
oalanced  hy  tho  conntcrpoiae  when  the  fulcrum  ia  placed  under  these  points.  Hence 
substituting  C^,  Cj,  0^  0^  for  C,  and  1,  2^  3,  i,  &c.^  for  P  ii^^the  piuoeding  ezpressiont 


wiehav^ 


AD 


AT  ^^-AG  +  ft 
in-^^AG  +  QAD 

^^^-      2  +  W4-a — 

.-        W    AG  +  Q'AD 
.„  _Tr-AG  +  Q    AD 

*"*- — npr+o — ' 
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Hie  redprocalfl  of  these  quantitief  are  in  arithmetical  progremon,  and  therefore  the 

distancea  of  the  i>oints  Cj,  C^  O3,  C4,  &c.,  from  A  will  form  an  harmonical  progrevioD. 

n«  Balaace  of  Qnlwtonm.— This  halanoe,  named  after  ita  inrentor  Quintenz, 

ii  freqnentlj  employed  on  railways  for  determining  the  weight  of  luggage,  and  affords 

i  good  example  of  a  oamhinataon  of  lerert.    It  is  represented  in  Fig.  2.    Fig.  lis  added 

for  the  purpose  of  showing  its 
mechanism  more  clearly.  A 
platform  A  B  on  which  the 
body  Q,  which  we  wish  to  be 
weighed,  is  placed,  is  fixed 
firmly  to  an  upright  piece  of 
framework  B  C.  B  C  again 
is  attached  rigidly  to  an  ob- 
lique piece  D  C  fixed  in  JD, 
as  shown  in  Fig.  1,  so  that 
the  whole  portion  A  B  C  B 
forms  ond  rigid  and  inflexible 
body.  Thisrigid  piece AB CD 


,fe 


▼r 


ri^.  1. 


is  supported  at  E  by  a  knife-edge  ftilorum,  resting  on  the  bar  or  lerer  F  G,  and  at  D  by 
i  rod  H  K,  which  is  firmly  fixed  to  D,  and  suspended  by  a  hook  at  K  ^m  the  leTer  L  M  N. 


I 


Vlf.  JL 
The  whole  weight,  therefore,  of  Q  and  the  framework  A  B  G  D  rests  on  the  points 
landK. 

The  leyer  F  6  is  supported  by  a  fulcrum  at  one  extremity  F,  while  the  other 
extremity  6  is  suspended  by  a  rod  L  G,  hanging  at  L  from  the  extremity  of  the  lerer 
LMN. 

T«stly,  the  lever  L  M  N  is  supported  by  a  fulcrum  M,  which  is  fixed  to  the  fhune- 
V  of  the  machine ;  the  extremity  N  of  this  leyer  has  a  scale-pan  suspended  from  it,  in 
«    h  weights  may  be  placed. 

Ml        F  G 
he  points  E,  L,  and  K  are  so  chosen  that  .^-^  =  ^tv* 

aYoid  the  consideration  of  the  weights  of  the  various  parts  of  this  machine,  we 
^  suppose  that  the  weight  of  the  scale-pan  and  the  length  of  the  arm  M  N  of  the 
Isi     Ii  M  N  have  been  so  chosen,  as  to  produce  an  equilibrium  of  all  the  parts  of  th« 
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macliine,  and  lo  keep  L  M  2(  la  a  per&otly  honzontal  poaitLoo,  when  no  weiglit  ia 
placed  oa  the  platforai  A  B. 

To  determiae  the  weight  P,  which  miut  be  placad  in  the  scale-pan  suspended  from 
N  to  balance  a  substance  of  a  given  weight  placed  on  the  platform  AB,  we  will  examine 
the  conditions  of  eq^uilibrium  for  the  several  parts  of  the  machiiiA. 

K  M       N        Let  the  weights 

'  p  gj^^  Q  jjg  repre- 

sented in  magni- 
tude anddirection 
by  N  P  and  S  Q 
(Fig.  3.) 

The  ■  weight 
of  the  substance 
placed  on  the 
platform  A  B  be- 
ing equal  to  a 
single  force  S  Q 
passing  through 
the  vertical  whieh 

passes  through  its  centre  of  gravity,  .will  be  balanced  by  the  reaction  of  the  pres- 
sure Ki  which  it  produces  on  the  fulcrum  E,  represented  in  magnitude  and  direction 
by  E  Rj,  and  the  reaction  Rj  of  the  tension  it  produces  on  the  rod  H  K. 

The  pressure  Ri  of  the  fulcrum  E  on  the  lever  F  G  is  kept  in  equilibrium  by  the 
reaction  of  the  pressure  it  exerts  on  the  fulcrum  F,  and  the  reaction  R3  of  the  tension 
it  produces  on  the  rod  G  L. 

Finally,  the  lever  L  M  N,  resting  on  the  fulcrum  M,  is  acted  on  by  three  veirtical 
forces  P,  R2  ai^d  R3,  acting  on  the  points  N,  K  and  L. 

For  the  equilibrium  of  the  rigid  body  A  B  C  H  we  have  as  a  condition 

Cl=Ri  +  R2. 
For  the  lever  F  E  G  taking  moments  about  E  we  have 
'  Ri'EF  =  R3'FG. 

F  G 
OrR.  =  E,|^. 

LasUy,  for  toe  lever  L  M  N  taking  moments  about  M  we  hav» 
P-MN  =  R2-M.K-l-R3LM. 
.  M  N Tj  j^  .p  .  LM 


OrP 


LM_PG 


MK" 


_— -.  =:  =-=,  by  the  construction  of  the  machine. 


But|^X"~EF 

MN 


FG 


Hence  P-~-2-  =  R^-l- R3-|-gi  =  R2  +  ^  =  Q- 

If  M  N  be  taken  ten  thnes  as  long  as  M  K,  we  have  M  N  =  10  M  K  and 
Q  =  10  P ;  and  in  tMs  case  a  weight  the  tenth  part  of  Q,  when  placed  in  the  scale-pan, 
will  produce  equilibrium. 

Instead  of  placing  weights  in  the  scale-pan  P  (Fig.  2),  tha  arm  of  the  lever  H  21 
may  be  graduated,  and  used  as  a  Roman  steelyard. 
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Beforo  placing  a  body  on  the  platform  A  B  (Fig.  1)  whose  weight  is  to  be  deter* 
mined,  it  is  necessary  to  observe  whether  the  arm  of  the  leyer  M  K  is  in  a  periiwtly 
horizontal  position.  This  is  indicated  by  a^horizontal  pin  b  fixed  to  the  framewoA 
of  the  instrument,  being  in  the  san^e  line  with  a  similar  pin  fixed  to  the  arm  of 
the  leyer.  Tq  bring  these  points  into  this  position,  small  weights  are  added  to  or 
taken  firom  a  little  cup  a,  placed  under  the  point  from  which  the  scale-pan  is  loa- 


Robexwal's  Balance. — ^Many  of  the  balances  used  in  shops  axe  oonttmcted  on 
A^  principle  of  this  machine,  which  is  interesting  for  its  paradoxical  character.  It  is 
apparently  a  lever,  on  the  arms  of  which  if  two  weights  balance  each  other,  they  will 
Btill  continue  to  do  so  from  whatever  points  in  those  arms  they  may  be  suspended.  The 
accompanying  diagram  will  give  an  idea  of  the  construction  of  this  machine. 

It  consists  of  four  bars,  A  B,  C  D,  A  C,  and  B  D ;  A  B  being  equal  to  C  D,  and 
A  0  to  B  D.  These  four  bars  are  united  together  by  four  pivots.  A,  B,  C,  and  D ;  they 
also  rest  upon  two  pivots  or  axes  E  and  F  fixed  to  an  upright  bar  £  F,  resting  on  a  finn 
baseBH. 

The  holea  for  the  pivots  E  and  F  are  so  placed  in  A  B  and  C  D  that  B  E  is  equal  to 
DP. 

Lastly,  two  bars  KL  and  M  N  are  fixed  firmly  at  right  angles  to  A  C  and  B D,  so 
that  K  L  and  A  0  foim  one  rigid  piece  and  M  N  and  B  D  another. 


The  six  pivots  A,  B,  C,  D,  E,  and  F,  are  so  constructed  that  the  ban  may  more  freely 
about  them,  with  as  little  friction  as  possible,  in  the  vertical  plane,  while  no  lateral 
motion  is  permitted.  From  this  construction  it  is  evident  that  whatever  position  the 
framework  A  B  0  D  may  assume,  when  weights  are  suspended  from  the  anna  KL  and 
MN,  the  four  bars  A  B,  0  D,  A  0,  and  B  D,  will  always  form  a  parallelogram,  and  the 
aims  KL  and  MN  retain  a  horizontal  position. 

It  is  a  peculiar  property  of  this  maojiine,  that  if  two  weights  P  and  Q  balance  each 
<)ther  when  suspended  from  two  points  S  and  T  in  KL  and  M  N,  they  wiU  also  balance 
from  whatever  points  in  K  L  and  M  N  they  are  suspended. 

To  show  the  properties  on  which  this  peculiar  statical  paradox  depends,  we  shall 
neglect  the  weights  of  the  various  parts  of  the  machine ;  or,  which  will  come  to  the 

YOIk   IX.  I 
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some  thing,  suppose  the  weights  of  its  various  parts  so  chosen  that  it  eiball  be  in  equi* 
Librium  for  every  position  in  which  the  framework  A  B  C  D  can  be  placed,  wh^n  no 
weights  are  suspended  from  the  arms  K  L  and  M  N.  We  also  neglect  the  friction  of  the 
six  pivots  A,  B,  C,  D,  E,  and  F. 

Let  two  weights  P  and  Q,  represented'  in  magnitude  and  direction  by  S  F  and  X  Q 
(Fig.  2))  be  suspended  from  the  arms  K  L  and  M  N  at  the  points  3  and  T^  and  let  mm 
suppose  that  they  balance  each  other. 

Also  let  the  distances  A  E  an<^  0  F  be  represented  by  o,  E  B  and  F  D  by  5.  Sinc«KX 

ajid  AG  are  ri- 
gidly coniie>ct- 
ed,  the  pres- 
sure of  P  OD  S 
will  be  trans- 
mitted by  the 
baris  K  L  and 
AC  to  tho  pi- 
vots A  and  C, 
where  it  will 
prodtioe  tw» 
pr«B3urefl  P^ 
andPj. 

These  pres- 
sures are  iude- 
tartninate,  both 
^'  *•  in     magnitude 

and  direction. 
Let  Pi,  the  unlmowa  pressure  on  A,  be  represented  in  magnitude  and  directioii  by 
APi;    and  P, 

that  on  C   by  M^^T* 

CP,. 

As  the  ma- 
chine is  sup- 
posed to  be  in 
a  state  of  equi- 
librium, Pj  will 
be  counteracted 
by  the  reaction 
Ri  acting  in  the 
direction  ARi, 
ARi  and  APj 
being  in  the 
same  line,  and 
R.  =  P,. 

Similarly  P, 
will  be    coun- 
teracted by  the  equal  and  opposite  reaction  B,,  represented  in  magnitudje  and  directifiiL 
byCE,. 

Again,  because  the  bars  B  D  and  M  N  are  rigidly  connected,  the  prewore  of  Q  on  T 
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ill  be  transmitted  and  produce  two  preasurea  P,  and  P4  at  B  and  D,  which  will  b« 
jounteracted  by  equal  and  opposite  reactions  R3  and  B4. 

The  bars  E  L  and  A  C  are  kept  in  equilibrium  by  ^  three  forces  P,  B^,  and  B„  act- 
ing at  S,  A  and  C  in  the  directiona  S  P,  A  B^  and  C  B,.  , 

Besolving  the  forces  represented  by  A  Bj  and  C  B,  into  the  vertical  and  horisonta 
fijrces  Xi,  Ti,  and  X^  Y^,  represented  by  A  X^,  AT^,  CT,,  and  CX,  (Fig.  3). 

We  shall  have  by  Prop.  XVIII; 

P  =  Yi  +  Y,andXi  =  X,. 

The  couple  X^ .  AC  whose  tendency  is  to  twist  the  rod  A  C  is  entirely  destroyed  by 
the  reaction  of  the  pivots  at  A  and  C,  and  the  forcea  T|  and  Tj  will  be  equal  and  oppo- 
nte  to  two  forcea  which  will  exert  a  pressure  on  the  extremitiea  A  and  C  of  the  levert 
ABandCD. 

In  a  similar  manner,  by  reaolving  the  forcea  B3  and  B4  into  the  horizontal  and  ver- 
tical forces  X3,  Tj,  X4,  and  T4,  we  shall  have 

Q  =  Y,  +  Y4tndX,=;=X4. 
The  forces  Y3 
and  Y4  being 
equal  and  op- 
posite to  two 
vertical  pres- 
sures acting  on 
the  extremities 
BandDof  the 
leTers  A  B  and 
CD. 

Pmally,  we 
bave  the  lever 
AB  resting  on 
the  fulcrum  E, 
kept  in  equili- 
brium by  the 
forces  Yj  and 
Y,(Fig.4). 

Hence  Yj .  a  =  Y,  .  i. 

Also  for  the  lever  C  D  we  have 

Ya.a  =  Y4.*. 
Hence  (Y^  +  Y,  .)  a=:  (Y3  + YJ  *; 
ButYi+Y,  =  P,andY3-l-Y4  =  Q; 
Therefore  P  .  a  =  Q .  d. 

Plrovided  therefore  that  the  pivots  are  strong  enough  to  resLst  the  lateral  strains  act- 
ing on  them,  the  condition  of  equilibrium  for  the  machine  is  that  P  multiplied  by  a  shall 
be  equal  to  Q  multiplied  by  & :  a  result  entirely  independent  of  the  quantities  0  and  d,  or 
of  the  distances  S  L  and  M  T. 

In  constructing  balances  on  this  principle,  a  and  b  are  taken  equal  to  each  other,  in 
irhich  case  £  and  F  bisect  A  B  and  G  D,  and  P  and  Q  are  equal. 

Vl&eel  and  Axle. — ^The  second  mechanical  power  is  the  wheel  and  axle ;  this 
aaehine  in  its  simplest  form  consists  of  a  circular  wheel  A  B  firmly  fixed  at  ri§b^ 
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angles  to  a  cylinder   C  D  £  F   ao  that  both   leyolve  together  round  a  commoL 

azisGH. 

The  forces  P  and  W  are  aappoeed  to 

be  applied  by  weights  suspended  from  one 

extremity  of  the  cord  wrapped  round  the 

wheel  or  cylinder  to  which  the  other 

extremity  is  attached.    The  forces  by 

this   contrivance  always  act  at  right 

angles  to   the  circumferences  of  the 

wheel  and  cylinder. 

The  cords  are  supposed  to  be  per- 
fectly flexible,  inextensible,  and  desti- 
tute of  weight.     Their  friction  on  the 

surface  of  tiie  wheel  and  axle,  as  well 

as  the  magnitude  of  their  diameters,  is 

also  neglected. 

Fig.  2  represents  a  section  of  the 

wheel   and  cylinder   perpendicular  to 

their  common  axis. 

Let  A  B  be  the  radius  of  the  wheel  and 

A  C  that  of  the  cylinder  or  axle.    Since 

the  forces  P  and  Q  always  act  at  right  angles  to  the  circumference  of  the  wheel  and  axle, 

the  force  P  may  be  represented  in  magni- 
tude and  direction  by  B  P  at  right  angles  to 
A  B,  the  force  W  by  C  W  at  right  angles  to 
AC. 

When  these  forces  produce  equilibriamy 
taking  moments  about  A  we  have 

P.AB  =  W.AOor|  =  ^, 

that  is 

The  force  acting  on  the  surface  of  the  wheel 
The  force  acting  on  the  surface  of  the  axle 
radius  of  axle 
radius  of  wheel ' 
This  machine  is  only  a  modificatioiL  of 
Pig,  3.  the  lever ;  for  referring  to  Fig.  2  we  may 

consider  it  in  its  position  of  equilibrium  as 
a  bent  lever,  whose  anna  are- A  B  and  A  C  and  whose  fulcrum  is  A. 

When  it  is  in  motion,  we  ^ay  regard  the  wheel  and  axle  as  made  up  of  a  number  of 
spokes ;  these  spokes  come  successively  into  action  as  levers,  and  thus  the  advantage  of 
an  endless  leverage  is  produced,  and  the  power  and  weight  each  act  constantly  in,  a 
straight  line  instead  of  describing  circular  arcs  as  in  the  common  lever. 

Instead  of  the  wheel,  one  or  more  bars  are  sometimes  fixed  at  right  angles  to  the  axle, 
and  these  are  often  so  disposed  as  to  allow  several  men  to  act  at  once  on  the  ma- 
chine. When  the  axis  of  the  axle  is  horizontal,  a  bar  fixed  at  right  angles  to  the 
extremity  of  the  bar,  forming  what  is  called  a  winch,  fisnns  a  convenient  means  for 
applying  the  force. 
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When,  the  axis  is  horizontal,  as  in  Fig.  3,  the  machine  is  called  a  windkug  ;  wnen 
Tertical,  as  in  Fig.  4,  a  capstan. 

TooAed  Wheels.~The  third 
mechanical  power  is  the  toothed 
wheel,  and  is  extensively  used  in 
Cbe  eonstntetion  of  cranes,  clock  and 
watchwork,  and  almost  erery  ya- 
riety  of  machinery. 

Tool^ed  wheels  consist  of  thin 
cylinders,  haying  their  circumfer- 
ences indented  or  coTered  with  pro- 
tections called  teeth  or  eo^,  set  at 
equal  distances  from  each  other. 

If  two  suoh  wheels  have  their 
axes  placed  in  such  a  poiitlon  that  ^*  '* 

thf  sorfiuses  of  the  wheeli  may  he  in  the  same  plane   and  the  edges  of  their 
teeth  touch  each  other,  as  in  Fig.  1,  and  one  of  the  wheels  he  made  to  revolve  round 

its  axis,  its  teeth  will  act  in 
succession  on  the  teeth  of  the 
other,  and  cause  it  to  revalre 
round  its  axis  in  an  opposite 
direction. 

To  determine  the  condi- 
tions of  equilibrium  for  this 
machine,  we  will  suppose  A 
and  A'  to  be  the  axes  about 
iHiich  the  wheels  revolve, 
and  the  weights  P  and  W 
which  produce  equilibrium 
to  be  attached  to  the  extre- 
Fig.  4.  mities     of     cords     wrapped 

round,  and  having  their  other 
extremities  fastened  to,  cylinders  fixed  perpendicularly  to  the  wheels,  and  having  a  com- 
mon axis  with  them. 

Let  A  B  and  A'  B'  be  the  radii  of  these  cylinders. 

The  weight  P  will  communicate  a  tension  to  the  rope  B  P,  which  will  produce  a 
pressure  on  the  cylinder  A  B ;  this  pressure  will  be  communicated  from  the  cylinder  to 
the  point  C,  where  the  tooth  of  the  wheel  C  E  is  in  contact  with  the  tooth  of  the  wheel 
C  E'.  In  a  similar  manner,  the  pressure  produced  by  W  on  the  cylinder  A'  B'  will  be 
oommmiicated  to  the  same  point. 

These  two  pressures  at  C  will  act  perpendicularly  to  the  surfaces  in  contact,  and 
when  there  is  equilibrium  they  will  destroy  each  other ;  consequently,  they  will  be 
equal  and  opposiie  to  each  other*  Let  these  pressures  be  represented  by  E,  and  their 
magnitudes  and  direction  by  C  £  and  C  B.\ 

From  A  and  A'  draw  AD  and  AD'  at  right  angles  to  CE,  and  join  AA'  cutting  CB  in  F. 
The  wheel  AE  is  kept  in  equilibrium  by  the  force  P  acting  In  the  directiou  BP,  and 
H  in  the  direction  CE;  and  the  wheel  CE'  by  the  force  W  in  the  direction  B'W  and  B 
in  the  direction  CE' 
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Hence  taking  moments  about  A  we  haye    P  .  AB  =  B .  AD 
And  taking  moments  about  A'  we  haye        W.  A'B'=:  B .  A'D' 


P   AB        AD 


AD      A'F 


Dividing  one  equation  by  the  other  .^  ^,g,=-j;^  or  ^=j;;j^,  .  ^ 

In  the  two  triangles  ADF,  A'DT,  the  angles  at  D  and  D'  are  right  angles,  and  the  angls 

DFA  =  angle  D  F  A' ;  hence  the 
triangles  are  n  a  lar,  and  there- 
fore 

AD  _   AF 
A^—  AT 
and  substituting  this  yalue  we 
haye 

P  _  AF    A'B' 
^—A'F     AB 
If  we  make  AB  =  A'B',  the 
effect  of  the  combination  will  de- 
pend upon  the  teeth  of  the  wheels 
and  their  radii  onlj,  and  then 

W  A'F 

When  the  teeth  are  small  in 
comparison  with  the  radii  of  the 
wheels,  AF  and  A'F  will  be 
nearly  equal  to  these  radii.    And 


Plg.l. 


since  the  interyals  between  the  teeth  must  be  equal,  in  order  that  the  wheels  may 
work  through  a  whole  reyolution,  the  number  of  teeth  in  each  wheel  will  be  pro- 
portional to  their  respectiye  circumferences.    Hence  in  this  case 

P         radius  of  wheel  C£       circumference  of  C£       number  of  teeth  in  G£ 


W      radius  of  wheel  C'E'      circttmiierence  of  C£'      number  of  teeth  in  C£' 

The  edges  of  the  teeth  which  come  in  contact  with  each  other  are  sometimes 
formed  of  curyes,  which  are  portions  of  the  curye  called  the  inyolute  of  a  circle.  In 
this  case  the  point  C  retains  the  same  position  throughout  the  whole  reyolution  of  the 
wheel.  The  discussion  of  this  property,  as  well  as  the  best  form  of  the  teeth,  requiies 
a  greater  knowledge  of  the  higher  branches  of  geometry  than  can  be  assumed  in  an 
elementary  work. 

When  the  number  of  teeth  in  a  wheel  is  small,  the  wheel  is  called  a  pinion  and  the 
teeth  leavM. 

The  axles  about  which  the  wheels  reyolye  may  be  placed  at  right  angles  to  each 
other,  as  in  Figs.  2  and  3,  or  incUned  at  any  angle  to  each  other  as  in  Fig.  4. 

In  Figs.  2  and  4  the  pinions  are  placed  on  the  surfoces  of  frustrums  of  cones, 
whose  axes  coincide  with  those  of  the  wheels :  the  wheels  are  then  called  bevelled 
wheeU.  When  the  teeth  project  from  the  edges  of  the  wheel,  it  is  called  a  tpur 
wheel;  when  they  project  from  the  surface  of  the  wheel  as  in  Fig.  3  it  is  caUed  a 
eroum  wheel. 

The  teeth  in  which  those  of  one  of  the  wheels  work  may  be  placed  along  the  edge 
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of  a  straight  bar  instead  of  the  surface  of  a  ojlinder,  as  in  Figs.  6  and  6 ;  the  bar  being 
ao  coxifined  as  to  allow  it  only  to  more  in  the  dLreotion  of  its  length.    The  arrangement 


Fig.  2. 


Fig.  8. 


Fig.  5. 


in  "Fig.  5,  wbere  the  wheel  is  made  to  revolye  by  a  wincb,  is  called  fijaehf  and  is  often 
employed  for  raising  heavy  weights  a  small  height 


Fig.  6. 


Fig.  8. 


Wheeb  are  sometimes  turned  by  simple  contact  with  each  other,  as  in  Fig.  7  ;  and 
iieii  they  are  at  a  distance  from  one  another,  as  in  Fig.  8,  they  may  be  made  to  aict 
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Fig.  7. 


on  each  other  hj  a  band,  strap,  or  duun  passing  oyer  and  in  close  contact  with  a 
portion  of  the  surfaces  of  both.  In  these  cases  the  minute 
protuberances  of  the  surfaces,  or  the  Motion  thej  exert  on 
each  other,  prevent  the  surfaces  from  sliding,  and  act  aa 
minute  teeth.  A  band  which  slips,  may  frequently  be  made 
to  act  by  chalking  its  surface. 

The  Pulley. — The  fourth  meohanical  po^er  is  the  pulley. 
In  its  simplest  form  it  consists  of  a  solid  circular  wheel  B  G, 
having  a  smooth  groove  cut  in  its  circumference.  This 
wheel  revolves  freely  roimd  an  axis  or  pivot  passing  through 
its  centre  at  right  angles  to  its  surfewje,  and  having  its  ex- 
tremities fixed  to  a  wooden  or  metallic  frame  F  G.  This  frame  may  be  either  fixed  or 
moveable.  The  wheel  is  called  the 
aheaf,  shivery  or  rundle;  the  axis  the 
gudgeon,  and  the  frame  in  which  the  axis 
is  fixed  the  block  of  the  pulley. 

The  force  P  is  applied  to  one  ex- 
tremity of  a  cord  passing  freely  over  the 
grooved  circumference  of  the  sheaf,  which 
moves  with  it  roimd  its  axis,  thus  di- 
minishing the  friction  of.  the  cord ;  and 
the  weight  W,  which  is  to  be  overcome, 
is  attached  to  the  other  extremity  of  the 
cord. 

Several  pulleys  may  be  combined 
together,  forming  what  is  called  a 
system.  The  cords  which  pass  over  the 
sheaves  are  supposed  to  be  perfectly 
flexible  and  inextensible ;  the  friction  of 
the  cords,  as  well  as  that  of  the  axis,  and,  when  not  spedally  mentioned,  the  weights 

of  the  blocks  and  sheaves,  are  not  considered  in 
our  calculations. 

The  siagle  pulley,  with  its  block  fixed,  affords 
no  mechanical  advantage  of  the  power  over  the  weight,  for  the 
power  P  exerted  on  the  extremity  of  the  cord  communicates  a 
tension  T  proportional  to  P  throughout  its  length  to  its  ex- 
tremity D  at  which  W  acts.  When  there  is  equilibrium,  these 
forces  P  and  W  must  be  both  equal  to  the  tension  T  of  the  cord 
at  the  points  A  and  D,  or  the  tension  of  the  cord  will  produce 
a  force  equal  and  opposite  to  P  at  A,  and  equal  and  opposite  to 
"WatD. 

Hence  P  =:  W  =  T. 

The  single  fixed  pulley  affords  a  convenient  means  fbr 
altering  the  direction  of  the  application  of  a  force  to  a  machine. 
Thus  a  weight  which  acts  vertically  downwards,  may  be  made 
to  exert  an  equal  force  in  any  direction  we  require,  by  a  proper 
position  of  the  pulley  and  the  support  to  which  its  blodL  is  fixed. 
Single  Moveable  lulley, — Let  a  weight  P  be  attached  to  one  extremity  of  a  cord 


Fig.l. 


Fiff.3. 
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yumgifwa^Mtamipii£i^¥J^tcmiik»ma^y^  GB,  and  baTiiic 

other  extremity  iastmod  to  a  fixed 

beam  at  A,  the  block  of  the  pulley        C 

F£  bemg  fixed  to  the  l>eam  at  O  m 

ineh  a  maimer  that  BC  and  AB 

Aall  be  poralleL    The  weight  W  it 

attached  to  the  block  D  of  the  pulley 

GB.   Ne^ecting  the  weight  of  tha 

poUey  GB,P  wiH  eoaimaiiicate  a 

teDBion  throughout  the  eord,  and  thii 

tensloii  will  produce  a  foree  P  acting 

in  the  dncction  GE  at  £,  and  anoHier 

force  F  acting  in  &e  direotun  B  A 

•tB. 


F1C.S. 

HeDoe  when  there  u  equiiibriom, 
we  shall  have 

W  =  P  +  P  =  2P. 
When  the  weight  of  the  pulley 
is  taken  into  accounti  this  weight 
nnist  be  added  to  W.  When  the 
oordi  axe  not  parallel,  reaolmg  the 
fones  P  acting  at  C,  and  P  acting  at 
B,  into  vertical  and  horizontal  forces, 
as  shown  in  Fig.  8,  and  equating 
Ibe  horiaoBlal  and  Tertical  forces  acting  on  B  C,  we  have 

P  Bin  ^  ^  P  sin  0,  hence  ^  =  9 
andW=Pcos«  +  Pcoe^  =  P  cosa+ Peos  a=  2P  cos  « 
Where  $  equals  half  the  angle  AB  produced  makes 
with  £  0  produced. 

In  the  Jlrtt  iffiUm  •f  pu^^a,  eaoh  pulley  hangs  by  a 
separate  ewd,  as  shown  in  Fig.  4,  so  that  the  cords  may  be 
pardleL 

Let  Wi,  Ws,  Ws,  be  weights  of  the  pulleys,  ^,  ^  ^  the 
tension  of  the  cords. 
W  +  Wi  =  2<„  <i  + w,  =  2<a,«a  +  w,=  2^,  and  <,  =  P. 

iience  r  —  T  +  2—^  ^F^2I»       2  ^  2»  ^ 

<M  "•   oa 


Fig.  4. 


ifihere  had  been  four  pulleys  we  should  hare  had 


2  ^2»  ^  gi* 
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rceglecting  the  weights  of  the  pulleys,  Wj,  w,,  &c.,  for  three  pulleys  we  shall  hare 

P  =  -,,  for  four  P  =  5j,  and  generally  for  n  pulleys  P  =  — 

When  the  cords  are  not  parallel,  we  may  see,  from  the  case  of  the  single  pulley,  that 
each  tension,  ti,  t2,  <3,  &c.,  must  he  multiplied  hy  the  coune 
of  the  angle  which  its  cord  makes  with  a  line  drawn  parallel 
to  the  direction  in  which  W  acts. 

This  multiplication  will  necessarily  diminish  the  tension, 
as  the  cosine  will  always  he  a  fraction  less  than  unity. 

In  the  second  syatem  of  puUeySy  the  cord  to  which  P  is 
attached  passes  over  all  the  pulleys  as  shown  in  Fig.  5.  The 
pulleys  are  divided  into  two  groups,  the  upper  working  in  a 
common  hlock  which  is  fixed,  and  the  lower  in  a  common 
moveahle  hlock.  The  other  extremity  of  the  cord  to  which  P 
is  attached  after  passing  oyer  all  the  sheaves,  is  fixed  to  the 
upper  hlock.    W  is  attached  to  the  lower  hlock. 

The  weight  or  force  P  will  communicate  the  same  tension 
ti  throughout  the  rope. 

It  is  evident,  therefore,  that  if  we  consider  the  ropes  as 
parallel,  and  neglect  the  weight  of  the  lower  hlock  and  its 
sheaves  when  there  is  equilihrium,  we  shall  have 

W  =  6P 
and  generally  we  shall  have  W  =  nP  where  n  is  the  number 
of  the  portions  into  which  the  cord  is  divided  hy  the  two 
blocks.  / 

When  the  weights  of  the  sheaves  and  blocks  are  taken 
into  consideration,  it  is  evident  that  the  weight  of  the  lower 
block  and  its  sheaves  must  be  added  to  W. 

If  the  positions  of  the  cords  be  not  parallel,  each  portion 
must  have  its  tension  multiplied  by  the  cosine  of  the  angle  to 
which  it  is  inclined  to  the  direction  of  W,  as  in  the  first 
system  of  pulleys. 

In  Fig.  6  we  have  represented  a  very  powerful  arrange- 
ment, having  the  pulleys  in  each  block  arranged  as  shown  in 
^*  ^*  the  figure.       The  sheaves  of  the  upper  row  in  the  upper 

block,  as  well  as  those  of  the  lower  row  of  the  lower  block,  are  all  of  the  same 
diameter ;  those  of  the  lower  row  of  the  upper,  and  upper  row  of  the  lower  are  equal  to 
each  other  in  diameter,  though  less  than  the  former.  The  cord  is  omitted  for  the  sake 
of  clearness,  but  one  extremity  is  fixed  to  the  hook  A  below  the  lower  block;  it  then 
passes  in  succession  under  each  of  the  sheaves  in  the  lower  block,  and  over  those  in  the 
upper  m  the  order  shown  by  the  numbers  attached  to  the  sheaves  in  the  figure :  the 
power  is  applied  to  the  extremity  of  the  cord  which  passes  over  the  pulley  marked  Wjo- 
As  there  are  twenty  portions  of  the  cord  between  the  two  blocks,  in  this  case  W=  20  P. 
This  arrangement  permits  the  portions  of  the  cords  to  be  nearly  parallel,  and  has  the 
additional  advantage  that  the  power  P  acts  immediately  over  the  weight  W,  so  that  the 
paralleUsm  of  the  cords  wiU  not  be  deranged,  as  it  would  otherwise  be  liable  to  be ;  it 
has,  however,  serious  practical  defects. 

If  the  weight  W  be  raised  by  the  power  P  a  given  height,  say  for  instance  one  foot, 
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each  portion  of  the  cord  between  the  two  blocks  must  be  raised  the  same  height,  which 
will  neoeflsarlly  cause  P  to  descend  20  feet.    From  the  arrangement  of  the  cord  it  if 

evident  that  one  foot 

of  the  cord  will  pass 

over  the  pulley  Wi, 

two  feet  over  w^  three 

feet  oyer  Wj,  &c.,  and 

20  over  Wjq. 

Now    since     the 

sheayes  w,,  w,,  w„ 

&c.,  are  of  the  same 

diameter,  and  revolye 

each  round  its   own 

axis,    and   twice    as 

much  cord  passes  oyer 

Wj  as  Wi,  three  times 

as  much  over  w,  as 

Wj,  and  so  on ;  it  fol- 
lows that  Wj  will  re- 
volve twice  as  fast,  Wj 

three  times  as  fast,  as 

Wj,  and  so  on  for  the 

other  sheaves. 

This  inequality  of 

motion  leads  to  great 

inequality  in  the  wear 

of  the  various  parts 

of  the  machine.     If 

we  attempt  to  remedy 

this  defect  by  fixing 
w/  the    sheaves    in   the 

Fig.  6.  8&me  row  to  a  common  - 

uds,  parts  of  the  cord  must  necessarily  scrape  or  slide  over  the  grooves  of  the 
sheaves  instead  of  moving  with  them ;  and  this  will  lead  to  great  increase  of  friction. 
To  remedy  these  defects,  Mr.  White  contrived  the  pulley  known  by  his  name.  The 
sheaves  in  each  block  were  cut  out  of  one  piece  of  wood  or  metal,  being  formed  of 
a  series  of  parallel  and  circular  grooves,  each  increasing  in  diameter.  The  diameters  of 
the  grooves  were  made  to  bear  to  each  other  the  same  proportions  as  the  portions  of  rope 
which  were  to  pass  over  them — ^those  for  the  lower  block  being  as  the  odd  numbers 
1,  3,*5,  7,  &c.,  and  those  in  the  upper  as  the  even  numbers  2,  4,  6,  &c. 

By  this  arrangement  all  inequality  of  wear  was  supposed  to  be  obviated,  and  the 
friction  was  reduced  nearly  to  that  of  the  two  axles  of  the  blocks.  But  this  ingenious 
contrivance  is  fotmd  practically  to  fail,  as  the  elasticity  of  the  cord,  which  is  supposed 
by  the  arrangement  to  be  inelastic  or  inextensible,  is  subject  to  continual  change  by  the 
moisture  or  dryness  of  the  atmosphere,  and  by  the  friction  of  the  cord  upon  the  grooves. 
In  the  third  8i/8teni  of  pulleys  each  cord  passes  over  a  pulley,  and  has  one  extremity 
attached  to  the  weight  W,  as  shown  in  Fig.  7,  the  cords  are  supposed  to  be  parallel  ti 
each  other. 
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Let  w^^  ir^f  Wj,  W4  reprcscat  tbe  weights  of  the  pulicji,  i^  f^  1^  f^  the  t^aiioiu  of 
tlie  cordii  passmg  over  them. 


Thsfi 


ThfitHfore 


I5  =::  2^   +  TT,  =  2  P  +  W^. 

*3  z=  2(,  +  Wj  =  2^P   +  2w,  H-  W,. 

/,  :^  2^  +  W3  =  2P5  +  2="w,  +  2ir»  +  W,, 


=  (1  +  5J+  3^+  2^  P  +  {1  +  2  +  2^  w,  +  (1  +  2)  w,  +  w,.. 
^  (2*-l)  P  +  (2^-  1)  w,  +  (2^-1)  w,+  (2-  1)  w,. 
The  soma  reawolng  maj  lio  extended  to  on^  number  af  pullejB  n^  m  which  cato 

W  =  (2"  —  1)  P  +  (2™-  I—  1)  w,  +  (2.-3  —  1)  Wj+  &&.+  (2  —  1)  w^, 

Wlujn  the  weight*  of  the  pulleys  are  neglected,  ^^  W^,  &c,,  W,  are  cquAl  to  zero,  and 

T¥^=  (2-— 1)R 

Whea  the  Btnnga  are  not  pamHcL,  their  reapectiTE  tenaioafi  must  he  multiplied  \>y 
the  cosine  of  the  angle  they  make  with  the  direction  of  W,  aa  in  the  precodmg  Bjretems, 

Tli«  ImcLlned  Plane — -The  inclined  plane  ia  the  fifth  mechaiucal  power.  It 
consiflta  of  a  plane  aurfacfi  A  B,  which  is  aupposcd  to  be  perfect  in  hardnesa  and  smooth- 
neaa,  and  inclined  at  some  ELngle  a  to  the  horUontal  line.  A  heavy  hody^  whose  weight 
isW  (Fig.  l)t  resting  on  the  piano,  and  supported  by  a  force  P  aetmg  in  aome  dineetion 
D  £,  £^onstitlltefl  the  weight  in  this  machine. 

Let  0  be  the  angle  D  E  raakea  with  B  A,  and  B  C  he  drawn  at  right  snglea  to  AC  : 
*  ia  called  the  inclination  of  the  pknc^  B  0  ita  height,  A  B  ita  length,  and  A  G  its 
baae.    When  there  is  eq^uilihcium}  D  will  be  a^ted  on  by  three  forces^  the  force  P  ac^g 


«f ,  L  Flf .  I. 

in  the  direction  D  E,  the  weight  W  acting  Tertieally  downward!,  and  the  untnowx. 
reaction  R  produced  by  the  presaure  of  the  body  D  oa  the  plane  A  B,  which  acts  perpen- 
dicularly to  the  flurface  of  the  plane. 

Lot  E,  P,  and  TT  be  repreflenfcod  in  magnitude  and  direction  by  D  B,  DP,  and 
DW{Fi5.2). 
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Bonltiog  theae  foroet  panlkl  tad  p«peiidic«lar  to  the  muhoB  of  tlit  pkao  AB^  •■ 
tbffwik  in  Fig.  2,  we  haye  the  following  oonditione  of  eqoilibriimi  :— 

WBina  =  Pcoe/i,or^=:52L^ 
P         nna* 
The  BAgnitttde  of  B  may  be  found  from  the  equation 
R  +  P«ini3  =  Wcoea; 

orE  =  Wcoaa  — Pfin/i  =  Wcoea-.W^A"!^ 

ooe^ 

•«»>  /COBo  coBfi  —  sin  a  sin  / 


/—         co«^ 


coe^ 
When  P  acts  along  the  inclined  plane  in  the  direction  D  B,  ^  =:  0,  and 

W 1_  _  AB  _  length  of  the  plane 

P        8in«""BC        height  of  the  plane ' 


alao,  R  =  W  cos  a  =  W  4^  =  W  X 


base  of  the  plane 


AB       "   '^  length  of  the  plane ' 
Gorrecily  speaking,  the  angles,  d:o.,  of  fig.  2  do  not  oonectly  belong  to  the  inclined 

pkne  of  Fig.  1,  nnless  the  centre  of  grayity  of  the  body  D  touches  the  plane  A  B,  bmt 

U>  in  imaginary  plane  passing  through  the  point  A  and  the  centre  of  gravity  of  D. 
Tka  We^ge.— The  sixth  mechanical  power  is  the  wedge,  which  may  be  regarded 

tfl  two  equal  and  similar  inclined  planes  A  B  0,  B  D  C, 

irith  their  bases  fixed  together.    It  is  used  for  deaving 

substances,  in  which  case  the  edge  0  is  introduced  into 

a  cleft,  and  the  surface  AD  struck  by  a  hammftr  or 

mallet,  so  as  to  cause  the  wedge  to  enlarge  the  cleft 

and  split  the  substance. 

Considered  as  a  statical  machine,  the  power  is  a 

▼eight  applied  to  A  D  sufficient  to  balance  the  pies- 

snres  exerted  by  the  substance  into  which  die  wedge  is 

thrust  on  the  sides  A  C  and  D  C  of  the  wedge,  con- 
sidering these  surfaces  as  perfectly  smooth. 

The  consideration  of  this  machine  is  now  omitted  in 

many  treatises,  since  "  in  the  theory  of  the  wedge, 

there  are  introduced  so  many  conditions,  which  are 

perfectly  inapplicable  in  practice,  so  many  gratuitous 

assumptions  and   suppositions  so   inconsistent   with 

practical  truth,  that  the  whole  doctrine  has  little  or  no 

Talue.    Nothing  can  more  plainly  demonstrate  the  inutility  of  the  theory  of  the  wedge 

than  that,  in  this  theory,  the  power  is  supposed  to  be  a  pressure  exerted  on  the  back  of 

the  wedge,  which  is  supposed  to  be  capable  of  balancing  the  effect  of  the  resistance  in 

producing  the  recoil  of  tiie  wedge.    In  all  cases  where  the  wedge  is  practically  used, 

the  friction  of  its  fSaces  with  the  resisting  substance  is  sufficient  to  prevent  the  recoil ; 

that,  strictly  speaking,  no  force  whatever  is  necessary  to  sustain  the  machine  in 

oilibrium ;  and  to  move  it,  pressure  is  never  resorted  to— inasmuch  as  the  slightest 

rcussion  is  far  more  effective.    The  only  general  theoretical  principle  respecting  the 

dge,  which  obtains  always  in  practice  is,  that  its  power  is  increased  by  diminishiiig 

angle  CD." — Mechanics,  Society  for  the  DiJUsion  of  Utefid  Knowledge, 

Thm  %tx9fW, — The  seventh  Tnechanioal  power  is  the  eorew,  and  may  be  regarded 

modification  of  the  inclined  plane.    If  we  take  a  triangular  piece  of  paper  ABO, 
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the  angle  at  C  being  a  right  angle,  in  A  C  take  a  point  A\  ond  thruugb  A'  draw  A  B 
paralld  to  A  B.  Then  Ut  thy  portion  A  A'  B'  B  be  blackened,  and  wrap  the  triangk 
ABC  round  a  cylinder  D  E.     Let  now  a  groove  l»  out  perpendicular  to  tlie  surface  of  tlu 


FIg.l. 

cylinder  and  following  the  direction  of  the  dark  spiral  hand,  formed  hy  the  triangle 
ABC.  The  projecting  portion  between  the  groove  is  called  the  thread  of  the  screw, 
and  is  evidently  an  inclined  plane  passing  round  the  cylinder.  The  cylinder  in  which 
the  groove  is  cut  is  called  the  terew,  A  hollow  cylinder  is  now  cut  through  a  beam 
A  B,  and  a  spiral  cavity,  cut  in  the  surface  of  the  hollow  cylinder,  corresponding  in 
magnitude  to  the  thread  of  the  screw,  so  that  one  may  be  regarded  as  the  cast  or  mould 
of  the  other.    This  is  called  the  nut  of  the  screw. 

If  A  B  be  firmly  fixed  to  the  upright  beams  AC,  B  D,  and  these  again  to  a  plane 
base  C  D,  the  screw  E  F  can  be  made  to  pass  through  the  nut  by  causing  it  to  re- 
volve round  its  axis  E  F  by  means  of  the  arms  E  H  or  E  G,  and  as  it  moves  through  the  nut 
its  axis  will  always  be  vertical,  and  its  extremity  F  wiU  press  upon  a  plane  K  L  so  con- 
fined by  the  bars  A  C  and  B  D  in  the  frame  A  D  C  B  as  to  have  only  a  vertical  motion. 
The  pressure  of  the  screw  will  thus  be  communicated  by  K  L  to  any  substance  placed 
between  K  L  and  C  D. 

To  obtain  the  conditions  of  equilibrium  of  the  Msrew,  we  neglect  the  weight  of  the 
screw  itself,  and  the  fric- 
tion of  the  surface  of  the  C 
thread   on   that   of.  the 
nut. 

To  simplify,  as  much 
as  possible,  the  problem, 
we  first  suppose  the  por- 
tion of  the  thread  which, 
by  the  action  of  a  force  F^ 
at  right  angles  to  the  ex- 
tremity G  of  the  lever  G  E 
(Fig.  2)  communicates  a 
pressure  Ri  to  the  surface 
of  the  nut  with  which  it 
IB  in  contact,  reduced  to  a  single  point  Q  (Fig.  3),  and  the  surface  of  the  nut  unfolded 
into  the  inclined  plane  M  N  0. 

The  resistance  Bi  which  the  snrfkee  of  the  nut  opposes  to  the  motion  of  Q  will  be 
perpendicular  to  the  surface  M  K  of  the  inclined  plane  M  N  0,  and  the  resolved  portioi? 


Fig.  8. 


\ 


Digitized  byCjOOQlC 


ON  FRICTION.  127 


of  thia  force  in  a  vertical  position  will  give  the  preasure  W|  whion  the  sciew  will  como 
mimicate  to  the  substance  placed  between  K  L  and  C  D. 

Let  a  be  the  length  nf  the  ann  6E,  b  the  radius  of  the  cylinder  of  the  screw,  a  the 
angle  of  the  plane  M  N  0. 

Besolying  B^  vertically  and  horizontally,  we  have  the  following  condition  of  equi- 
librium : — 

WizrEjCOSo; 
and  taking  moments  about  the  azia  of  the  acrew, 

a  .  P]i  =  6  R^  sin  a. 
Now  we  may  conceive  the  portion  of  the  thread  of  the  acrew  divided  into  a  number 
of  portions  Qi,  Q^  &c.,  Q„,  kept  in  equilibrium  by  forces  Pi,  Pj,  &c.,  P,,  Wj,  W„  Ac, 
W,,  and  producing  reactions  Rj,  B,,  &c.,  R„  on  the  aurface  of  the  nut. 

^1  +  ^2  +  ^^'  +  ^n  ^^  ^  *^®  whole  power  P  applied  to  the  extremity  of  the 
aim  G  E,  and  Wj  +  Wa  +  &c.  +  W.  will  be  the  whole  vertioal  preaauie  W  which  th« 
screw  will  produce. 

Then,  as  before,  we  ahall  have 

W,  =  B,  cos  a  and  aPa  =  ^Ra  sin  a 
"Wj  =  Rj  cos  o        aP,  =  dRa  BID  a 

&c.  =  &c.  &c.  =  &o, 

W„  =  R^co8o         0P.=  &R.aina 
Hence,  adding  these  equations,  we  have 

(Wi  +  Wa  +  W3  +  &c.W„)  =  (R,  +  Ra  +  B3  +  &c.  +  BJcoso 
«(Pi  +  P3  +  P3  +  &c.  +  PJ  =  i(Bi  +  B^  +  Ra  +  &c.  +  Rj8ina; 
and  dividing  these  equations  we  have 

^l-f  ^2  +  ^3-f&C«4-^n  C08«  W  COSg 

«  (Pi  +  Pa  -H  Ps  4-  4kc.  +  P J  -  *  sin  «  ^  aP  -  b'^^a ' 

-«    ^            a                  2t0 
an    —  — - —  -^— 

P~~*tano~2»Atano' 

W  circumference  of  circle  described  by  the  extremity  G  of  arm  G  E 

P  vertical  distance  between  two  threads  of  the  screw 

For  if  NG  (Fig.  3)  be  the  vertical  distance  between  two  threads  of  the  acrew,  MO 
will  be  equal  to  2ir3  and  NO  =  MO  tan  a  =  2Td  tan  a. 

Friction. — In  our  previous  investigations  we  have  supposed  all  our  aurfacea  in 
contact  with  each  other  to  be  perfectly  smooth.  This  perfect  smoothness  can  never  be 
attained  in  practice;  the  roughness,  or  want  of  smoothness,  of  two  surfaces  in  contact 
with  eadi  other,  opposes  a  resistance  to  their'motion  over  or  along  each  other  which  is 
called /ri^fbn.  From  certain  experiments  it  appears  that  friction  may  be  due,  in  some 
measure,  to  the  nature  of  the  surfaces  in  contact  with  each  other,  and  influenced  by 
the  molecular  forces  which  the  particles  in  contact  may  have  with  each  other. 

Experiments  made  with  a  number  of  different  substances  have  led  to  the  following 
laws: — 

That  the  force  of  friction  is  proportional  to  the  pressure  acting  on  the  surfaces  in 
contact  so  long  as  the  materials  of  the  surfaces  in  contact  remain  the  same,  and  act  at 
light  angles  to  the  direction  of  the  pressure. 

That  for  the  same  pressure  the  friction  is  the  same,  whatever  may  be  the  magnitude 
of  the  surface  in  contact. 

These  laws  are  not  strictly  true,  but  are  subject  to  oonsiderable  variation  in  oertaxp 
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extreme  cases,  at  when  the  pressures  are  very  great,  and  the  surfaces  in  contact  very 
small. 

The  Mction  of  moving  surfooes  is  also  much  less  than  that  of  the  same  surfeu^es  in  a 
stattr  just  hordering  on  motion. 

For  the  state  just  hordering  on  motion,  the  friction  of  two  smoothly  planed  pieces  of 
wtiodr  the  grain  being  in  the  same  direction,  is  half  the  pressure;  for  the  same,  the  grain 
being  in  opposite  directions,  is  one-fourth  the  pressure.  The  friction  of  two  metallic 
surfaoe^  is  one-fourth  the  pressure ;  and  of  one  sarfaoo  metallic  and  the  other  wood, 
one-^h  the  pressure. 

Tb]«  friction  may  be  greatly  diminished  by  the  use  of  lubricants,  such  as  oil,  tallow, 
black-lead,  &c. 

If  the  points  in  contact  be  mere  lines,  as  in  the  case  of  the  knife-edge  of  the 
Mcnna  of  a  lerer,  this  friction  may  be  considerably  reduced.  Thus,  the  friction  of 
vooden  snv&oes  is  diminished  in  this  case  from  one-fourth  to  one-twelfth  the  pressure 
exerted  by  the  surfisuses  in  contact 
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SBCTION  I.-.ACCELEBATING  FORCES. 

TutroAxiCtion. — Every  i&dyj  or  material  particle,  is  neceasarily  in  a  ttate  of  either 
rest  or  motion.  A  body  strictly  at  rest  is  regarded  as  acted  upon  either  by  no  force  at 
•il,  or  else  by  forces  which  oppose  and  neutralize  one  another.  Investigations  respecting 
forces  -w^hicb,  acting  upon  a  body  or  upon  a  syMem  of  bodies,  thus  keep  the  whole  at 
rest,  belong  to  tiie  first  great  division  of  Mechanical  Philosophy — Statie$.  In  this 
brancb  of  the  subject,  the  result  of  the  several  applied  forces  is  pre9swr$  or  tension,  but 
no  movement ;  in  the  second  great  division,  now  to  be  treated  of,  the  result  of  the 
applied  forces  is  motion :  there  may  be  pressure  as  well,  but  it  is  the  motion  or  change 
of  place  of  the  body  acted  upon,  that  is  the  exclusive  subject  of  Dynamics. 

Of  ipFhy^cal  causes  we  know  little  or  nothing :  we  observe  motion  or  pressure,  and 
^ve  infer  force — ^tihat  is,  some  cause  for  the  phenomena :  but  it  is  with  the  effects  or 
pbenomena  alone  that  our  observations  and  reasonings  are  concerned. 

Ignorant,  however,  as  we  are  of  the  essence  of  force,  we  cannot  be  imder  any  doubt 
that  it  is  the  same  in  kind  when  operating  in  the  production  of  motion  as  when  operating 
izL  the  production  of  pressure;  for  whenever,  in  the  latter  case,  the  resistance  or 
obstacle  is  removed,  motion  necessarily  ensues.  But  there  is  one  consideration 
inseparably  connected  with  that  of  motion,  which  has  no  place  in  statics :  it  is  the  con- 
sideration of  time,  an  element  which  necessarily  enters  into  the  very  idea  of  motion. 

T^oT  can  we  conceive  of  a  force  which  transmits  its  influence  to  a  distant  body — as 
the  force  of  magnetism,  or  the  force  of  gravity — as  doing  so  independently  of  time.  It 
is  inconceivable  that  some  interval  does  not  elapse,  however  minute,  between  the  cause 
snd  the  effect :  the  transmission  of  a  force  through  space  must  take  time.  A  few  years 
a^Oy  the  following  question  was  proposed  to  the  author  of  the  present  treatise : — A  beam 
or  bar  uniformly  strong — that  is,  resisting  fracture  in  every  part  alike — ^is  immoveably 
fixed,  at  one  extremity,  from  which  it  hangs  vertically ;  to  the  other,  or  lower  extremity, 
is  then  attached  a  weight  indefinitely  great :  where  will  the  beam  break  ?  The  con- 
dition is  that  the  beam  has  no  tendency  to  break  at  one  place  more  than  at  another,  and 
yet  the  weight  suspended  to  it  is  to  be  immeasurably  great.  The  answer  is,  that  time 
being  required  to  transmit  the  force  through  the  particles  of  the  beam,  the  fracture  takes 
place  at  tiie  lowest  part,  the  falling  weight  bringing  with  it  only  the  lamina  of  material 
in  immediate  contact  with  it. 

Aa  the  dynamical  effect  of  force  is  motion,  and  as  motion  unplies  space  passed 
VOL.  nt.  K 
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tiiroiigb^  and  the  time  of  pas^A^^  it  is  i^lcar  that,  as  m  dl  phTsieal  inquiries;,  iDeaHuring 
causes  hj  their  efibcta,  the  mt^asure  of  force  must  in  some  way  be  compormdcd  of  spacft 
and  timo. 

The  simplest  kind  of  moHon  ia  wtiform  motion,  or  that  in  which  the  mormg  body 
paasea  through  equal  spaces  in  equal  intervals  of  time ;  and  the  simplest  path  the  moving 
body  can  describe,  is  a  straight  path.  We  can  fuUy  examine  motion  of  this  kind  with- 
out any  reference  to  force  at  all ;  we  can  take  the  motion  as  we  find  it,  without  any 
inquiry  as  to  its  origination ;  and  ascertain  all  we  wish  to  know  respecting  it.  In  fact^ 
a  body  so  moving  is  not,  during  the  motion,  acted  upon  by  any  force  at  all.  Conceive 
an  isolated  body  at  rest,  all  other  bodies  and  forces  in  nature  being  removed :  it  ie  plain 
that  that  body  will  remain  at  rest,  for  there  is  nothing  to  disturb  its  condition.  In  likfi 
manner,  conceive  such  isolated  body  to  be  moving  uniformly  in  a  straight  line : 
it  must  continue  to  move  uniformly,  for  there  is  nothing  to  disturb  its  condition  i  to 
suppose  a  force  to  act  upon  it  at  any  point  of  its  path,  and  yet  for  the  imiform  onward 
motion  to  remain  the  same,  would  be  to  suppose  a  cause  without  an  effect.  A  body, 
therefore,  thus  moving  uniformly  onward,  is  not  actuated  by  any  force  whatever.  It  is 
true  it  could  not  pass  from  rest  to  uniform  motion  in  a  straight  line  without  a  caiisc — 
an  impulse,  for  instance — ^but  nothing  acts  ux>on  it  afterwards,  or  during  its  uiuf orm 
motion ;  otherwise  that  uniformity  would  be  interfered  with. 

It  is  this  simplest  kind  of  motion  that  we  shall  first  consider,  and  shall  then  proceed 
to  that  which  is  due,  not  to  instantaneous  impulse,  but  to  force  continuously  acting  upon 
the  moving  body.    The  proper  method  of  measuring  this  force  will  shortly  be  explained. 

Uniform  Ilectilineax  Motion. — In  apppHed,  as  well  as  in  pure  mathematics, 
certain  fundamental  x>ositions  or  postulates  must  at  the  outset  be  assented  to.  In 
Dynamics  there  are  three  such  postulates :  they  are  known  as  the  three  laws  of  motion.  * 
The  first  of  these  is  as  follows : — 

A  material  particle,  if  at  rest,  and  tmacted  upon  by  any  external  force,  will  remain 
at  rest.  A  material  particle,  if  in  motion,  and  unacted  upon  by  any  external  force^ 
will  continue  its  motion  imiformly,  and  in  a  straight  line.  This  law  is  only  a  formal 
enunciation  of  the  inertia  of  matter,  by  which  is  meant  its  incapability  of  altering,  nf 
itself  the  state  into  which  it  is  put  by  any  external  cause,  whether  that  be  a  state  of 
rest  or  a  state  of  motion. 

It  is  plain  that  the  motion  spoken  of,  being  neither  unchecked  nor  expedited,  nor  iin 
direction  any  way  interfered  with,  must  be  uniform  in  its  rate^  and  rectilinear  in  its 
course — ^the  course  originally  impressed. 

The  rate  of  a  body's  uniform  motion  is  estimated  by  the  extent  passed  over  in  eotii© 
determinate  portion  of  time — a  second,  a  minute,  an  hour,  &c.  In  dynamical  investiga- 
tions, the  second  is  generally  taken  for  the  imit  of  time ;  and  what  in  popular  language 
is  called  rate  of  motion,  is  here  called  velocity;  hence  if  a  body  moves  uniformly  over 
ten  feet  every  second  of  time,  we  say  that  it  moves  with  a  velocity  of  ten  feet,  or  that 
its  velocity  is  ten  feet  "per  second"  being  imderstood.  Putting  the  symbol  v  for  velcw 
city,  we  should  therefore  have  <;  =  10  feet.  As  a  second  is  taken  for  the  unit  of  tini<*^ 
so  a  foot  is  taken  for  the  unit  of  length.  It  is  common,  however,  to  caU  the  len|ccth  c*f 
track  described  by  a  moving  body  the  sptzce  passed  through,  and  to  represent  this  lengtJi, 
by  s ;  but  it  will  be  borne  in  mind  that  by  s  length  only  is  meant. 

The  symbol  employed  for  number  of  seconds  is  #:  it  is  to  be  carefully  obeerv&rl 
that  t  does  not  stand  for  the  concrete  quantity  timey  but  only  for  the  number  of  ser.orifia 
*  The  three  laws  of  motion  are  formally  enunciated  at  the  end  of  this  treatise. 
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in  that  time ;  so  that  leitffth^  tu.  fiet,  if  the  only  concrete  qiumtitf  repreaented  by  the 
symbola  v,  s,  t,  which  are  rekted  to  one  another  as  followiy  namely  :^ 

e=-,  a  =  W,  «=j 

So  that  any  two  of  the  three  quantitiea  concerned  being  known,  the  third  may  be 
immediately  found.  I^  howcTer,  t  is  not  reckoned  from  the  commencement  of  the  uni- 
fona  motion,  but  only  after  a  certain  space  /  has  been  passed  orer  by  the  moving  body, 
then  i  being  the  whole  length  of  path  from  the  oommenoement,  tiie  three  equations 
wiUbe 

r  =  — ^,  #  =  /+««,<  =  — J— 

Any  one  of  these  equations  is  sufficient  for  the  entire  theory  of  the  motion  of  a  body 
impelled  by  a  single  impulse,  or  influenced  originally  by  any  cause  producing  uniform 
motioQ. 

It  may,  perhaps,  be  as  well  to  remark  here,  that  we  speak  of  the  path  of  a  particle 
and  of  a  body  indiecriminately.  In  most  works  on  Dynamics  all  mention  of  body  is 
sToided  in  tlus  part  of  dynamics,  and  the  motion  of  a  single  particle  only  considered. 
But  this  exclusion  of  body  as  an  assemblage  of  particles  is,  we  think,  as  injudicious  as 
it  is  mmecessary.  There  mmm,  it  is  true,  more  mathematical  precision  of  language  in 
speaking  of  the  line  («)  traced  out  by  a  moving  particle,  than  of  what  is  described  by 
a  bulky  body ;  but  let  it  be  only  understood  that  by  the  path  of  a  body  we  mean  the 
line  traced  out  by  its  centre  of  gravity,  and  all  grounds  for  depriving  the  msss  of  volume 
and  reducing  it  to  an  indivisible  isolated  particle—of  which  indeed  we  can  have  no  clear 
idea—wiXL  be  removed.  Throughout  the  present  portion  of  dynamics,  our  investiga^ 
tzons  are  entirely  independent  of  mass  or  volume ;  and,  consequently,  to  make  a  single 
physical  particle  the  subject  of  those  investigations  to  the  studied  and  S]r8tematic  exclu- 
sion of  body,  is  to  perplex  and  mislead  the  learner — ^in  fact,  to  convey  to  him  the  notion 
that  what  he  is  learning  is  applicable  only  to  geometrical  abstractions— to  physical 
nonentities,  and  not  to  the  actual  material  substances  around  us. 

Vfe  shidi  now  give  an  example  of  the  application  of  the  formula  just  established. 

Two  bodies  (a,  b)  animated  by  the 
uniform  velocities  r,  f^,  set  out  simul-     A  B  •^  ^^  C 

taneously  fit)m  the  points  A  B,  and     I {  ^J ^M  1 

moTe  in  the  direction  of  the  straight 

line  A.  B  continued :  required  the  time  of  their  coming  together. 

Suppose  a  overtakes  b  at  the  point  C,  then 

AC  =  r<,  BO  =f<<; 
that  is,  calling  A  G,  «,  and  A  B,  «*, 

«  =  »<,#  —  •  =  f<<. 

V  —  1^ 

So  that  the  abstract  number  denoting  the  units  of  time— that  is,  the  number  of 
1  nds — ^will  be  found  by  dividing  the  space  between  the  points  of  starting  by  the 
I     arence  of  the  spaces  denoting  the  velocities. 

If  uniform  motion  be  the  result  of  an  impulse  communicated  to  a  body  originally 
est,  we  may  reasonably  conclude  that  the  velocity  produced  will  be  proportional  to 
'ntensity  of  the  impulsive  energy.  For  if  a  body  receive  a  certain  velocity  in  con- 
eace  of  a  certain  impulse,  it  ought  to  acquire  double  that  velocity  if  at  any  point  of 
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its  path  that  impulse  he  repeated  in  the  same  direction ;  hnt  if  the  seeond  impvlse^  likB 
the  first,  take  place  at  the  starting  point,  it  must  unite  with  <lie  first  impslse,  so  tiitt 
th»  consequence  of  a  douhle  intensity  of  impulse  will  he  a  douhle  velocity  in  the  body 
impelled,  and  in  like  manner  a  triple  intensity  inll  produce  a  triple  velocity,  and  so  on. 

▼axiable  &e^tiliaLeair  Mtotlon. — When  a  moving  body  does  not  pass  over 
equal  spaces  in  equal  times,  the  motion  is  not  uniform,  but  variable.  The  rate  at  wMoh 
the  body  moves,  or  its  velocity  at  any  instant,  is  liie  space  it  w&tdd  describe  in  a  seeood 
of  tune,  "measuring  &om  that  instant,  |H>ovided  all  force  vrere  then  withdrawn,  and  the 
body  left  to  itself.  Its  motion  during  this  second — as  no  force  acts  upon  it — would  of 
course  be  uniform. 

Hence  velocity  in  general  is  measured  as  follows : — 

If  the  motion  be  uniform,  the  velocity  is  measured  by  the  space  aotualiy  passed  over 
in  a  second.  If  the  motion  be  variable,  the  velocity  at  any  instant  is  measured  by  fhe 
space  that  would  be  passed  over  in  a  second,  if  all  force  were  withdrawn  at  that  instant, 
and  the  body  left  to  proceed  with  the  motion  it  then  has. 

Accelevattng  Fovce. — A  body  may  so  move  as  to  require  equal  aocessionB  of 
velocity  in  equal  times — that  is,  it  may  move  so  that  its  velocity  at  any  time  I  being  v, 
we  may  have 

at  the  times  ^,    t  +  ly     ^+2,       ^+3,       t  +  i,    &o, 
the  velocities  r,    f  -j-  *''>    <*  +  ^t    ^  +  ^i    ^  +  ^r*,  &c. 

Or  the  velocity  may,  in  like  manner,  be  retarded,  vt  being  negative.  Under  such 
circumstances  the  velocity  is  said  to  be  uniformly  tieeeleratedy  or  uniformly  retarded. 

The  cause  of  the  uniform  accelerration  or  retardation  of  a  body's  velocity,  we  call 
force;  and  measuring  causes  by  their  effects,  we  take  the  amoimt  of  this  constant 
acceleration  or  retardation  as  iJie  measure  or  representative  of  a  constant  force,  con- 
tinuously acting  on  the  moving  body. 

The  symbol  for  this  force  is/,  which,  viewed  only  in  its  effects,  denotes  merely  the 
velocity  generated  (or  destroyed)  in  a  second  of  time.  In  the  iBnstratian  above,  for 
instance, /=  I?'. 

It  is  of  importance  thalthe  student  do  not  attach  aeny  other  mesnkig  to  tins  symbol/, 
than  that  here  assigned  to  it.  The  nature  of  the  occult  influence  called  dynamical  force 
^r,  as  it  is  more  frequently  named,  aeceleratwe  force — ^nobody  can  explain.  In  the  pre- 
sent inquiry  we  have  to  do  only  with  its  effect ;  and  this  we  see  is  merely  augmenta- 
tion (or  diminution)  of  velocity ;  and  therefore,  like  vdocity  itself,  it  is  expressed  by 
spacey  that  is,  by  linear  measure :  it  is  not  the  force  that  is  accelerated,  but  the  veheilff. 

If  the  force  be  constant  or  uniform,  the  acceleration  of  the  velocity  is  also  constant 
or  uniform,  as  supposed  above;  but  if  the  force  be  variable,  the  acceleration  of  the 
velocity  is  also  variable :  the  only  office  of  acoelerative  force  is  to  {Hroduce  acoekractive 
velocity,  and  it  is  only  by  this  Itftter  phenomenon  that  we  become  cognizant  of  its 
activity,  and  can  estimate  ita  intensity. 

Although,  as  remarked  at  the  outset,  wo  are  altogether  unacquainted  with  the  essence 
of  the  thing  called  force,  yet  we  may  have  abundant  means  of  ascertaining  wheliier  its 
effects  are  constant  orTariable ;  and  it  must  be  carefully  borne  in  mind  that,  in  speaking 
of  a  constant  force,  or  of  a  variable  force,  we  have  reference  solely  to  the  canstttst 
effect,  or  the  variable  effect.  The  force  itself,  whatever  it  be,  may  in  i-eality  remain 
entirely  unchanged ;  and  yet,  if  it  uffect  a  body  differently  at  different  distances  from 
its  supposed  seat  of  action,  we  should  call  it  a  variable  force.  For  example,  there  is  a 
force  familiar  to  every  body  otilled.  gravity  ;  and  there  can  be  no  doubt  that  this  force,  like 
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the  magnitude  of  the  earth  itself  raBtaiiii  iinohanged;  yet  a»  we  find  that  the  higher 
abore  the  surface  a  body  be  taken,  the  leas  it  will  weigh,  and  the  less  will  its  velocity- 
be  accelerated,  we  say — ezdusiTely  in  reference  to  these  variable  effects— that  gravi^ 
is  a  variable  force.  It  may  be  observed,  however,  that  as  this  variation  of  weight  and 
acceleration  is  insensible  at  moderate  distances  from  the  earth's  surfSeuse,  in  all  the 
ordinary  applications  of  dynamios  to  terrestritl  matters,  gravity  may  without  eiror 
be  regarded  as  a  constant  force. 

It  is  of  importance  that  the  student  have  ooirect  conceptions  of  tiie  sense  in  which 
the  terms  velocity  and  force  are  employed  in  theae  inquiries,  and  also  that  he  should 
clearly  perc^ve  that  tpaee  is  the  only  concrete  quantity  concerned  in  the  present  portion 
of  dynamics.  The  two  propositions  following,  contain  the  whole  theory  of  the  recti- 
linear motion  of  a  body  under  the  influence  of  a  constant  acoeleratiBg  force. 

1.  If  a  constant  acaelerating  force /act  on  a  body  now  at  rest,  during  the  time  ^ 
producing  in  it  at  the  end  of  that  time  a  velocity  «,  then  «  =^fi.  For  since/  expresses 
the  vek>city  generated  in  each,  second^  it  follows  that  in  the  ^  seconds,  the  velocity  v 
will  amount  to  ft  .\v  z^ft, 

2.  If «  be  the  space  through  which  the  body  is  noved  from  rest  by  the  eonstant 
accelerating  force/,  in  the  time  ty  then  »  =  iffi. 

Suppose  the  time  ^  to  be  divided  into  ft  equal  parts;  then  since  equal  velocitiefl 

aie  generated  in  equal  times,  the  velocity  generatad  in  the  time  —  is  the  «th  part  of 

that  generated  in  the  time  <,  that  is,  by  last  pn^oution,  it  is  -^.    Consequently, 

attheendofthetunea  -,—,—,    .    .    .    —  or< 
tw    n      n  ft 

the  velocities  will  be   ^,  ^,  2^    ^  ^atft     .    .    (A) 

ft     It     ft  >  ft      '^  ^  ' 

and  at  die  commmeemeiU  of  the  same  intervals,  the  velocities  will  be 

0,A    m,    .    .    .(SZZM.    .    .    (B) 
'   tl'     ft '  ft  ^  ' 

If  the  several  velocities  (A)  were  uniform  during  the  several  equal  intervals  of 

time,  then  tiie  whole  space  S  described  would  be 

And  i^  in  like  manner,  the  several  velocities  (B)  were  uniform  during  those 
intervals,  tiie  whole  space  S'  described  would  be 

ft     *       ft        ft     ^       ft        91      *  '  ft  ft 

Now,  it  is  obvious  that  the  space  a  actually  described,  is  intermediate  between  the 
two  spaces  S,  S' ;  being  less  than  the  former,  and  greater  than  the  latter.  And  this  is 
evidently  true,  however  short  the  several  equal  intervals,  that  is,  however  large  the 
number  ft  may  be. 

But  the  shorter  the  intervals  be  made,  the  closer  do  the  values  S  and  S'  approach  to 
each  other,  and  therefore  to  the  intermediate  value  «,  till  at  length,,  when  the  intervals 
are  diminished  down  to  zero,  by  ft  becoming  infinite,  all  thiaee  values  S,  «,  S'  unite  and 
become  IdenticaL 

The  determination  of  a  is  therefore  reduced  to  the  following  algebraical  problem, 
namely, — ^to  determine  the  value  of  S  or  of  S'  when  it  becomes  infinite. 
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Now  the  general  ezprefision  for  the  value  of  S  is 

(1  +  2  +  3+    .    .    .   +n)-^ 

2  ««        V  + »/     2 

In  like  manner,  the  general  expression  for  tlie  Taloe  of  S'  is 

{0  +  1  +  2+  . 


+  (»-l)}^ 


_   njn-l) 

~         2 


■S={--Sf 


When  n  is  infinite,  since  in  that  case  —  =  0,  each  of  these  expressions  becomes 

iffi :  consequently  s  =:  iffi.  It  appears  then,  from  these  two  propositions,  that  if  a 
body  at  rest  be  acted  upon  by  a  constant  and  uniform  accelerating  force  /,  during 
t  seconds,  the  Telocity  acquired  and  the  space  described  will  be  eaipressed  by  the 

equations 

v=zftBJidt=ziffi    ....     (1) 

From  these  two  important  equations  we  may  proceed  to  deduce  some  inferences. 

1.  The  space  described  in  any  time,  reckoning  from  the  commencement  of  the  mo- 
tion, is  half  the  space  that  would  be  described  in  the  same  time  if  the  body  were  to 
move  from  rest  with  a  imiform  velocity  equal  to  the  last  acquired  velocity. 

For  since  by  (1)  «  =  i (ft)  t,  and  v  z=.ft  ^\i'=,\vt\  but  vt  is  the  space  described 
in  i  seconds  with  the  uniform  velocity  v :  hence  the  space  «,  actually  described  under 
the  influence  of  a  uniform  accelerating  force,  is  half  the  space  that  would  be  described 
in  the  same  time  if  the  body  were  to  commence  with  the  final  velocity  and  move 
uniformly,  • 

2.  The  spaces  described  in  equal  successive  portions  of  time,  from  the  commence- 
ment of  the  motion,  are  to  one  another  as  the  odd  numbers  1,  3,  $,  7,  &c. 

For  let  ^  in  (1)  be  successively  1,  2,  3,  4,  &c.,  then  the  spaces  from  beginning  are 
\f.  1,  \f,  4,  i/.  9, 1/.  16,  &c. ;  therefore  the  spaces  for  the  successive  portions  of  time 
given  by  subtracting  these  spaces  from  the  beginning,  each  from  the  following,  are 
^/'  ^)  \f '  ^)  i/*  ^)  i/*  ^)  ^^*  >  ^  ^^^  ^®  spaces  described  from  the  beginning  are 
as  the  squares  of  the  times ;  and  the  spaces  described  in  the  successtre  equal  por- 
tions of  time  are  as  the  numbers  1,  3,  6,  7,  &c. 

3.  By  means  of  the  two  equations  (1),  any  one  of  the  four  quantities  /,  t,  Vy  s,  may 
be  eliminated,  and  an  equation  deduced  involving  only  the  other  three ;  so  that  any  one 
of  the  four  tlungs — force,  time,^  velocity,  and  space — ^may  be  expressed  in  terms  of  any 
two  of  the  others :  thus,  as  the  simplest  algebraic  substitutions  show,  we  have  the 
following  equivalent  expressions : 


Expressions  for  y. 

A  VVh  J 

it          a     •> 

ifp,  K  ij 

«      |2t    2* 
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4.  A  uniform  accelerating  force  is  measiired  by  twice  the  space  described  firom  zest 
in  one  second. 

For  putting  <  =  1,  we  have  /=:  ^  =  2« ;   so  that  if  we  can  only  measure  the 

space  through  which  a  body,  acted  upon  by  a  uniform  accelerating  force,  moves  firom 
a  state  of  rest,  in  one  second,  we  can  correctly  determine  the  uniform  effect  of  that  force 
on  the  body :  it  will  be  double  the  space  thus  passed  through.  In  other  words,  this 
double  space  will  be  the  constant  increment  of  the  velocity  at  each  succeeding  second; 
that  is,  the  constant  acceleration  of  the  velocity. 

It  is  found  by  experiment  that  the  attraction  of  the  earth  upon  bodies  near  its  sur- 
face—that is,  the  force  of  gravity — causes  a  body  to  fall  from  rest  a  distance  of  16*1 
feet  in  the  first  second  of  time.  Consequently,  the  force  of  terrestrial  gravity — which 
force  is  usually  represented  by  g — is  g  =  32*2  feet :  that  is,  this  force,  continuously 
soliciting  a  falling  body,  will  accelerate  its  velocity  32*2  feet  every  second. 

It  may  not  be  amiss  to  repeat  here,  before  proceeding  to  practical  illustrations,  that 
where  there  is  imiform  velocity,  in  a  straight  line,  there  is  no  force.  We  should  be 
compelled  to  admit  this,  as  a  necesiary  consequence  of  our  evaluation  of  force  in 
dynamics : — where  there  is  no  acceleration  of  velocity,  there  can  be  no  force  uiiging  the 
body  onwards  in  its  path. 

The  student  must  all  along  remember  that  when  we  speak  of  a  force  acting  on  a 
body,  we  always  refer  to  the  mechanical  condition  of  the  body  at  the  particular  instant 
that  has  brought  it  to  where  we  find  it.  The  impulse  that,  acting  on  a  body  at  rest, 
puts  it  in  a  state  of  uniform  motion,  acts  only  during  the  instant  of  passing  from  rest  to 
rectilinear  motion :  it  expires,  as  it  were,  in  the  act ;  so  that,  at  whatever  point  in  the 
path  described,  the  moving  body  comes  under  our  examination,  we  are  compelled  to  say 
that  no  force — not  even  the  force  of  impulsion — ^is  acting  upon  it  then. 

We  shall  now  give  a  few  examples  connected  with  accelerating  force. 

Szamples  of  Aeoelentting  Force. — 1.  A  body  moves  from  rest  with  a 
uniformly  accelerated  velocity,  and  after  the  lapse  of  3  minutes  5  seconds  is  found  to 
have  passed  over  400  feet :  required  the  accelerating  force. 

Herd  the  time,  namely,  t  sees.  =  3  mins.  5  sees.  ^185  sees.,  and  the  space 
described,  namely,  s  =  400  feet,  are  given  to  determine  /.  From  the  formula 
«  =  Iffi  we  have 

2*  _  800   _  32  _  .0234  feet. 
•^-  ^  -  I85«  -  ST"*  -   0234feet 
Conseqiaently  the  accelerating  force  is  such  as  to  increase  the  velocity  *0234  feet 
every  second. 

2.  How  far  will  a  heavy  body  fall  in  four  seconds } 

TTnng  g  for/,  we  have  «=  i^<»,  where  ^=32-2,  and  /=:4,  .*.  «=:  16-1 X  4>=267-6. 
Hence  the  distance  is  257*6  feet. 

3.  In  what  time  will  a  heavy  body  descend  400  feet  ? 

8  =  igt^ .-.  400  =  161«3  /.  t  =J^j  =  6  seconds. 

4.  If  a  body  be  projected  vertically  upwards  with  a  velocity  of  400  feet  per  second, 
how  high  will  it  ascend  ? 

It  will  ascend  to  that  height  from  which  if  it  were  let  fall  it  would  acquire  a 
Telocity  of  400  feet  upon  reaching  the  earth ;  therefore  since  (page  134). 


.=.;- 


'  =  *  32?  =  ^*^  *■*«*• 
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6.  Throngh  irlist  height  mngt  a  bodj  iall  bo  that  tha  Tdoeity  aoqiiued  maj  be 
equal  to  that  height } 

•  =:  i?,  bat#=r  .•.!=*-    .-.  r  =  »  =  2^  =:  ©44  ffeet 

6.  Throng^  wluit  height  must  a  body  fall  to  acquire  a  velocity  of  100  yards 
a  second? — ^Ans.  13975  feet. 

7.  A  body  is  projected  upwards  with  a  Telocity  of  1500  feet  per  second :  how  h%h 
will  it  ascend  ? — ^Ans.  34875  feet. 

8.  What  time  will  elapse,  after  projecting  the  body  in  the  last  ezampley  before  it 
again  reaches  the  earth  ? — Ans.  93  seconds. 

In  the  foregoing  inquiries  respecting  the  rectilinear  motion  of  bodies  tmd^tbe  influ- 
ence of  an  accelerating  force,  we  hare  supposed  the  fbroe  to  move  the  body  from  r«»/. 
We  are  now  to  consider  the  case  in  which  the  force  begins  to  act  upon  a  body  already 
moving  in  the  direction  of  that  force,  or  reeeiring  an  impulse  in  that  direction.  Sup- 
pose a  body  to  begin  its  motion  with  a  Telocity  v',  and  from  the  commencement  to  be 
aeted  upon  by  a  uniform  aocelerating  force  /;  then,  as  before,  ^  being  the  Telocity 
acquired  in  i  seconds^  and  « the  space  passed  throi:^  in  that  time,  the  acquired  -^locity 
will  cTidently  be  made  up  of  the  original  Telocity  ^  and  the  Telocity^  communicated 
by  the  force  /;  for  this  force  adds  to  the  Telocity  /  feet  CTery  second,  or  ft  feet  in 
/  seconds,  so  that  in  i  seconds  the  acquired  Telocity  is  #  =i «'  -^  Z^* 

Again,  in  Tirtue  of  the  initial  Telocity  ¥  akne,  the  body  would  pass  oter  the  ^Mkce 

r'^  in  ^  seconds ;  and  in  the  same  thne/alone  would  cause  it  to  pass  oret  the  space 

\ffi :  hence  the  oombination  of  these  is  the  wh<^  spaEce  passed  OTer;  that  ia,  it  ia 

«  =  v'^  -(-  \f^ ;  so  that  the  formulsei  for  final  the  Telooity  and  the  space  deseiibed  are 

irmf-l-Atrrf^^  +  l/l!* (2) 

If  the  initial  Telocity  r'  opposes  that  commnmieated  by/,  tiien  v'  id  to  be  taken  with 
a  sign  opx>osite  to  ihat  of/. 

From  these  two  equations  i  may  be  easSy  eliminated,  and  a  third  equation  obtained 
inrolTing  only  the  remaining  quantities ;  thus,  squaring  the  first,  ire  haTe 
»»  =  fr^  4- 2  i^'/il -!-/»  <•  rr  •« -I- 2/ (fr'#  +  J^. 
Hence,  by  the  second  equation,  «>  =:  i/^  4-  2/«  .    .    .     (3} 

As  before,  when  graTity  is  Ae  force,  /  is  replaced  by  $, 

Ex.  1 .  A  body  is  projected  Tertically  upwards,  with  a  Telocity  of  480  feet  peJf  B/sbckA  ; 
at  what  height  idll  it  be  at  the  end  of  three  seeonds? 

Here  f'  the  Telocity  of  projection  being  480  feet,  this  Telocity  continued  uniform  for 
3  seconds  would  carry  it  to  the  height  of  1440  feet ;  but  graTity  so  counteracts  its  up- 
ward motion  as  to  draw  it  back  through  a  space  of  |^<2  =  J  X  322  X  3^  =  144-9  feet  : 
henee  the  height  to  which  the  body  is  suffered  to  ascend  is  only  1440 — 144*9=:  1295*1 
feet ;  that  is,  «  =  »'^  —  }  ^<»  =  1295-1  feet. 

2.  From  an  elcTated  jKMition  a  body  is  projected  Tertically  upw^ds  with  a  Telooitj^ 
of  80  feet :  required  its  place  at  the  end  of  6  seconds. 

»  =  tr'^  —  J^<»  =  80X6  —  i  32-2  X  6»  =  480  —  579'6=3  —  99-6. 
Hence,  the  place  of  the  body  is  99*6  feet  Uilow  the  place  of  projection. 

3.  With  what  Telocity  must  a  body  be  projected  downw'aids  from  the  top  of  a  tower 
150  feet  hig^  to  arriTe  at  the  bottom  in  two  seconds  \ 

150 


=  "2 161  X 


3  =  42-8  feet 
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4.  If  8  body  1)6  projected  rertically  downwards  with  a  Telocity  of  20  feet,  how  far 
will  it  descend  in  6  seconds  ? — Ans.  502 '5  feet. 

5.  A  bodjr  is  projected  npwttrds  with  a  velooity  of  100  feet;  what  will  be  its  Telocity 
when  it  has  ascended  100  feet  ?    (See  form.  3.)^Ans.  61*6  feet. 

0.  In  the  preceding  example  find  at  what  time  the  body  is  tOO  feet  from  the  earth, 
as  well  in  its  descent  as  in  its  ascent — Ans.  1*2  sec.  and  4*7  sees,  after  pfojection. 

Uvtions  of  Bo4i«(i  doura  laoUned  Planes, — The  fall  of  a  body  down  an 
inclined  plane  is  another  instance  of  rectilinear  motion  under  the  influence  of  gravity. 
When  a  material  substance  is  placed  on  an  in- 
clined plane,  the  force  of  gravity  produces  a 
certain  yertical  pressure  P ;  if  we  resoWe  this 
pressure  in  two  directions,  the  one  along  the 
plane  and  the  other  perpendicular  to  it,  the 
former  component  will  be  P  sin «,  taking  t  for 
the  inclination  of  the  plane  to  the  horizon ;  and 
to  preyent  the  body  from  moving  down,  this  is 
the  force  or  pressure  that  must  be  counterbalanced. 

As,  therefore,  P  represents  the  pressure-force  of  gravity  on  the  body  in  a  vertical 
direction,  and  P  sin  t  the  pressure  in  the  direction  of  the  plane,  and  as,  when  motion 
takes  the  place  of  these  statical  pressures,  the  accelerating  force  of  gravity  is  proportional 
to  them,  w^  shall  have  for  the  acceleration  down  the  plane, 
P  :  P  sin  f  : :  ^  :  ^  sin  t. 

Hence  the  body  is  urged  down  the  inclined  "plaae  by  the  constant  fbrce, 

y'  =  ^sint (1) 

And,  therefore,  substituting  this  value  of  ^  for /in  the  fonnuln  at  page  134,  those  for^ 
muhe  will  then  comprise  the  entire  theory  of  motion  down  an  inclined  plane. 

If  I  represent  the  length  of  the  plane,  and  h  its  height,  then  sin  t  =  -r :  consequently 

the  accelerating  force  down  the  plane  if 

^=^7     (2) 

And,  therefore,  the  velocity  acquired  in  descending  down  the  whole  length  /,  that  is  in 
descending  through  the  space  «  =  /,  by  the  action  of  this  force,  must  be  (page  134) 

v=z\^2ff'l=i]/2ffh (2) 

This  expression  we  see  involves  only  the  height  h  of  the  plane,  and  is  independent  of 
its  length  I :  hence  the  velocity  acquired  in  descending  down  all  planes  of  the  same 
height  is  the  same,  and  equal  to  the  velocity  acquired  by  fidling  vertically  through  that 
height. 

But  the  velocities  of  two  bodies,  one  falling  through  the  perpendicular  height,  add 
one  falling  down  the  length  of  the  plane,  are  respectively 

iftinfft  and  v':nfffami.    .    .    .     (4) 
where  t  and  f  are  the  respective  times  occupied  in  falling :  these  ezpreecions  are  tbeze» 
fore  equal,  that  is, 

.        J,  .    .      ^        sin  f 

So  that  the  time  of  falling  through  the  height  is  to  the  time  of  falling  down  the  plane, 
as  the  sine  of  the  plane's  inclination  to  unity. 

If  we  wish  to  know  what  extent  of  length  down  the  plane  a  body  will  pass  through, 
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while  another  falls  through  the  whole  height,  then  referring  to  the  ezpresdon  for  the 
space  (page  134),  we  have 

Vertical  fall,  h=z^  gfi;  inclined  faW.  in  time  ^,  «  ==  i^  ^  sin  t .  ^; 
,-,  h:  8  ::  1  :  sin  t,  or  «=  A  sin  t. 
I^  therefore,  from  B  we  draw  the  perpendicular  B  D,  the  length  A  D  will  be  that 

fallen  through  by  one  body  moving  down 
the  plane  A  C,  while  another  body  falls 
through  the  height  A  B,  becaiise 

A  D  =  A  B  cos  A  =  AB  sin  C. 
If  we  draw  the  vertical  D  B',  and  B  B' 
perpendicular  to  D  B,  then,  by  this  theo- 
rem, the  time  of  falling  down  the  oblique 
line  D  B  would  equal  the  time  of  falling 
down  the  vertical  D  B',  for  D  B  =  D  B' 
cos  D ;  but  D  B'  =  A  B,  since  A  B  is  a 
parallelogram,  therefore  the  time  of  fall- 
ing down  the  vertical  A  B  is  the  same  as  the  time  of  falling  down  either  of  the  oblique 
lines  AD,  DB  at  right  angles  to  one  another:  a 

hence  this  remarkable  property  of  the  circle,  name- 
ly : — If  from  the  extremities  A,  B,  of  the  vertical 
diameter  A  B,  chords  be  drawn,  as  in  the  annexed 
diagram,  a  body  would  fall  down  either  of  them  in 
the  same  time  that  it  would  fall  through  the  verti- 
cal diameter  A  B. 

The  following  are  a  few  examples  on  the  motion 
of  bodies  down  inclined  planes  :— 

1.  If  the  length  of  an  inclined  plane  be  60  feet, 
and  its  inclination  to  the  horizon  30°,  what  velocity 
would  a  body  acquire  in  falling  down  it  for  two 
seconds  ? 

By  the  formula  (4),  since  sin  30°  =  i,  we  have 
v  t=^<  sin  •  =  32-2  X  2  X  ^  =  32*2  feet  per  sec. 
Hence  the  velocity  is  the  same  as  would  be  acquired  by  a  vertical  fall  in  one  second. 

2.  How  long  would  a  body  be  in  falling  down  an  inclined  plane  whose  length  is  100 
feet,  and  inclination  60°  ? 

Substituting  the  acceleration  g  sin  i  for/,  and  I  for  »,  in  the  expression  for  *,  at  page 
134,  and  remembering  that  sin  60°  =  J  v'3,  we  have 

I  21  /         200  /       400  20  ..  _ 

^ = Vfsi- = V32TX  rv/1  =  V3?23r73 = vW^^ 

8.  A  body  is  projected  up  an  inclined  plane  whose  height  is  ith  of  its  length,  with 
a  velocity  of  50  feet.    Find  its  place  and  velocity  after  six  seconds  have  elapsed. 

In  this  case  ihB  force  g  j  (equation  2)  retards  the  motion  of  the  body,  and  must 
therefbre  be  considered  as  negative :  hence,  from  equation  (2)  page  136,  we  have 

^60X6  — 16-1  X  IX  36  =  6  (50  — 16-1)  =203-4  feet. 
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Alao  9z=,ff^g'ii 

=  50  —  32-2  =  17'8  feet,  the  Telocity  required. 

4.  If  a  body  be  projected  up  an  inclined  plane  whose  length  is  ten  times  its  height, 
with  a  velocity  of  30  feet,  in  what  time  will  the  velocity  be  destroyed,  and  the  body 
begin  to  roll  down  ? 

The  time  is  obviously  the  same  as  would  be  required  to  produce  a  velocity  of  30 
feet  in  a  body  falling  £:om  rest  down  the  same  plane :  hence,  substituting  the  accelera- 
tion g  J  for /in  the  expression  for  t  (page  134),  we  have 

,       vl       30  X  10        300 

'  =  7a=32TxT=3F2  =  ^"3'^^^- 

In  the  foregoing  investigations,  the  student  will  observe  that  no  allowance  is  made 
for  the  Mction  of  bodies  rolling  down  inclined  planes ;  nor,  whether  bodies  fall  vertically, 
or  obliquely  as  in  this  article,  is  the  resistance  of  the  air  taken  into  account.  These 
hindrances  to  free  motion  can  be  estimated  only  by  practical  and  experimental  researches, 
under  various  circximstances  and  conditions.  The  resistance  of  the  air  cannot  be  pro- 
vided  against,  as  is  obvious ;  but  in  pieces  of  delicate  machinery,  many  ingenious  con- 
trivances are  resorted  to,  to  diminish  friction,  and  to  render  the  departure  from  rigid 
mathematical  theory  as  trifling  as  possible.  The  subject  of  friction  will  come  under 
consideration  in  the  treatise  on  Pbaciicax  Mechanics. 

The  PaxaUelogzam  of  Telocities — ^The  forces  considered  in  Dynamics  are 
influences  of  the  same  kind  as  those  considered  in  Statics ;  they  merely  exhibit  their  eflects 
in  a  diflferent  manner.  What  in  Statics  produces  pressure,  would  in  Dynamics — ^that 
is,  if  the  thing  pressed  were  removed — produce  motion :  the  efifects  in  both  cases  being 
proportional  to  the  causes : — a  double  pressure  from  the  same  body,  like  a  double  ac- 
celeration of  velocity,  implies  a  double  force. 

It  may,  however,  be  proper  here  to  anticipate  a  difliculty  which  the  student  may 
possibly  feel :  he  may  perhaps  reason  thus : — "  A  weight  of  ten  pounds  produces  a 
pressure  ten  times  that  of  one  pound,  yet  the  one  pound  weight,  if  let  fall,  is  accelerated 
just  as  much  as  the  ten  x>ound  weight ;  whereas  from  what  is  here  said,  it  would  seem 
that  the  heavier  weight  ought  to  be  accelerated  ten  times  as  much  as  the  lighter,  seeing 
that  its  pressure  is  ten  times  as  great." 

But  this  apparent  difficulty  can  arise  only  from  a  wrong  conception  of  what  is  stated 
above :  we  are  not  comparing  the  pressure  of  different  bodies  under  the  same  force  acting 
upon  all  their  particles,  but  the  pressure  of  the  tame  body  under  different  acting  forces : 
for  example,  if  the  same  body  were  acted  upon,  now  by  the  force  of  gravity,  and  here- 
after if  lie  same  body,  or  an  equal  body,  were  acted  upon  by  a  force  only  half  that  of 
grayity,  then,  as  stated  above,  the  effect  in  the  former  case,  whether  that  effect  be 
pressure  or  acceleration,  would  be  double  the  like  effect  in  the  latter  case.  If  it  were 
otherwise,  then  the  statical  measure  of  force  (pressure) 
and  the  dynamical  measure  (acceleration  of  velocity) 
could  not  each  of  them  be  a  correct  measure  or  expression 
of  the  intensity  of  what  we  call  force. 

It  has  been  fully  proved  in  Statics  (page  44),  that  if  , 
two  forces  P  and  Q  act  at  A,  and  A  B,  A  C  represent  ' 
their  directions  and  intensities  respectively,  then  will  A  D  represent  in  direction 
and  intensity  their  united  effect. 
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Tho  fltatlcal  eifect  remaina  the  iBtme  however  lon^  the  foroea  or  pr^asareg  act,  for 
JiW  Ifl  na  element  of  coimderation  in  Statics.  But  the  dynamical  effect  is  that  at  the 
instant  the  hody  acted  on  by  the  forces  ia  at  A,  the  i^ntmaoua  action  of  the  forcea 
iifterwardA  not  entering  into  considemtion. 

The  pB-rallelogram  of  vdocities  ia  indepoadent  of  th*  paraUelogram  of  forties.  It  will 
be  lemombcied  that  the  velocity  of  &  body  at  any  point  of  its  path  ia  the  space  it 
Vfould-^ZBA  oyer  in  a  unit  of  time,  proyided  its  rate  or  speed  at  that  point  were  miifonnly 
continued  during  the  unit  of  time. 

Suppose  the  body  when  at  A  were  animated  with  a  velocity  that  would  alone  carry 
it  uniformly  along  A  B  to  fi,  and  with  another  velocity  that  wo\Jd  alone  carry  it 
uniformly  along  A  C  to  C  in  the  same  time :  these  velocities  may  he  considered  as 
communicated  by  two  simultaneous  impxdaes  in  the  directions  A  E,  A  C  .  ihe  thing  to 
be  shown  is,  that  the  body  would  be  canied  uniformly  aloDg  A  D^  and  would  amve  at 
D  in  the  time  spoken  of. 

For  while  the  body  is  moving  uniformly  from  A  to  B,  conceive  that  the  Una  A  R, 
with  the  moving  body  on  it,  is  carried  parallel  to  itself  and  with  the  eecood  unifomi 
velocity,  up  to  C  D  :  by  the  hypothesiij  it  will  have  arrived  at  C  D  in  the  aame  time  that 
the  body  will  have  arrived  at  the  extremity  of  the  moriiig  line :  <:onae^nentiy,  at  the  end 
of  that  time  the  body  will  be  found  at  D.  And  that  it  will  have  arrived  there  with  a 
uniform  motion  along  the  diagonal  A  D,  will  appear  from  coneidering  that  if  any 
point  of  its  path  were  out  of  that  diagonal,  the  uniform  TelatioD  of  the  component 
velocities,  namely,  A  B  :  AC,  would  there  he  destroyed :  that  the  diagonal  ia  deacribed 
with  a  uniform  velocity, — or  that  eqiial  portions  of  it  are  paaaed  over  in  equal  portiana 
of  the  time,  is  plain,  because  the  uniformly  moving  line  A  B  paasea  over  equal  portiana 
of  the  diagonal  in  equal  jtortions  of  the  time. 

Since  in  the  preceding  figure,  trigonjomotry  gives  for  A  D  the  expreaaiott 
AD2  =  AB2+BD3  —  2AB-BDcoaABB, 
and  since  —  cosABDzr-^cosBAC,  ifthe  directioDa  of  the  component  valocttiea 
c,  if  make  an  angle  a  with  each  other,  then  the  resultant  velocity  Y  will  be 
V*  =:  4?^  +  *^  +  2v^'  COS  a 

From  attending  to  the  former  part  of  the  pre<:eding  examination,  it  will  be  aeeu 
that,  however  irregular  the  motion  that  would  eany  A  to  B,  and  however  irregular  the 
motion  that  would  carry  it  to  C,  in  the  same  time,  the  resultant  of  the  two  motiona 
would  necessarily  carry  it  to  D  in  that  time^  although  not  by  the  path  A  D,  except  the 
two  component  motions,  during  simultaneous  portions  of  the  time,  are  always  as  A  B 
to  A  C.    This  truth  will  be  of  considerable  importance  in  the  next  article  on  projectilea. 

On  the  MoUon  of  Pxojectileft^ — If  a  body  be  projected  obliquely  upward  or 
downward,  the  attractive  force  of  gravity  wiU  cauae  it  to  take  a  curvilinear  path.  If  the 
velocity  of  projection  be  considerable^^  and  the  body  projected  present  mu^ih  eurfaoe  to 
the  atmosphere,  the  resistance  of  tho  air  will  gfrcatly  modify  the  form  of  the  curved 
path,  and  the  range  of  the  projectile ;  and  it  ia  no  easy  matter  to  determino  one  or  the 
other.  But  if  the  body  be  supposed  to  move  fi^e  from  aueh  obatniction  (aa  in  a  vacuum), 
all  the  circumstances  connected  with  the  flight  of  a  projectile  can  be  readily  ascertained, 
as  also,  with  a  close  degree  of  approiimationj  even  in  actual  practice,  if  the  velocity  of 
projection  be  but  small. 

Supposing  atmospheric  r^istanca  to  be  removed,  the  path  of  the  projectile  wiU 
always  be  the  conic  section  called  a  parabola  (see  Pa40TtOAi«  Geometjiy,  page  444), 
as  we  now  proceed  to  show. 
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Path  of  PioJeetiiA  a  Paarabola.  «-Let  A  B  be  the  direction  in  which  a  body  if 
proiected  fiwm  the  point  A,  with  a  velocity  v.  If  no  other  motion  were  impressed  upon 
the  body,  it  would  move  uniformly  along  A  B  with  the  original  velocity  v,  and  in 
leeoonds  wouMaxiive  at  B,  supposing  AB  =  t^.  But  as  gravity  acts  c?  the  body  from 
the  oonmeneemflat,  this  f(»:ee  alone,  in  t  seconds,  would  draw  the  body  down,  along  A  C, 
to  C,  Bupposiiig  A  0  =  ifit^  (page  134). 

Consequently,  eompletiiig  the  parallelogram  B  C,  the  body  in  t  aeoonds  is  found  at 
P,  as  proved  at  the  dose  of  last  article.    Now 

C  P  =  A  B  =  *<,  and  A  C  =  i  ^  <» 

.    OP^^Jii,cP»=^.AO         ...    (1) 
••  AC         y  ff 

This  is  wiiat  is  called  the  tguatian  to  a  parabola,  A  B  parallel  to  C  P  being  a 
tangent  to  the  cure  at  the  point  A,  and 
AC  being  parallel  to  tiie  'azU.  The 
equation  is  usually  written  tihus :  y*  =: 
CK,  where  y  ia  the  <irdisia4e  C  P  of  any 
point  P,  and  s  tihe  absdsaa  AC,  of  that 
point,  while  a  is  any  oonstant  mnlti* 
plier  of  the  abscissa.  The  equation  when 
A  Ib  at  the  vnrUx  of  the  curve,  is 
investigated  at  page  444  of  the  P&iLO- 
Tic&i.OE«iiasTaT.  It  foUowB,  therefore, 
that  tiie  projectile  in  tils  flight  always 
traces  out  .u  parabola:    the   constant 

multiplier  in  its  equation  is  — ",     It  /^ 

is  known  from  the  theory  of  the  para- 
bola, that  tinas  eonstaat  multiplier  is 
also  4  S  A,  S  being  the  focus  of  the 
curve :  itiB  further  known,  and  is  proved 
at  the  page  just  referred  to,  that  the 
distance  AB  of  any  point  A  in  the  ourre 
from  the  focus,  is  always  equal  to  the  ^ 
distance  of  the  same  point  from  the  ^ 
directrix.    Let  this  distance  be  called  A,  then 

';  4SA=  — =4*.M;2  =  2yA    ....     (2) 

'         But  this  value  expresses  the  square  of  the  velocity  which  a  body  would  acquire, 

I    from  the  foroe  of  gravity  ffy  by  falling  from  rest,  fitnn  the  height  h ;  consequently,  the 

I    velocity  of  projection  is  equal  to  that  which  the  body  would  acquire  by  falling  from  the 

I    directrix  of  the  parabola,  which  it  traces,  down  to  the  point  of  projection. 

I        Talocitj  at  any  point  clf  the  Path. — It  has  just  been  shown  that  A  being  the 

J    point  of  projection,  and  v  the  velocity  of  projection,  that  velocity  will  be  i>  =  v'(2y .  S  A). 

But  any  point  P  of  the  path  may  be  regarded  as  the  point  of  projection,  and  the 

corresponding  velocity  as  the  velocity  of  projection,  so  that  the  expression  (2)  applies 

equally  to  any  point  in  the  curve  traced,  h  being  the  distance  of  that  point  below 

the  directrix,  and  v  the  velocity  at  the  same  point.     Hence,  the  velocity  of  the  pro- 

^eotile  at  any  point  of  its  course  is  the  same  as  the  velocity  It  would  acquire  by 
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finllmg  vertically  from  the  directrix  down  to  that  point.  And  it  further  followa, 
that  at  equal  heights,  in  ascending  and  descending,  the  projectile  will  haye  equal 
yelocities. 

Greatest  Belghti — In  order  to  ascertain  the  greatest  height  to  which  the  pro- 
jectile will  ascend,  we  must  of  course  know  the  velocity  of  projection,  and  the  direction 
of  that  velocity.  It  will  also  be  convenient  to  replace  this  velocity  by  two  component 
velocities  equivalent  to  it  in  effect: — the  one  a  horizontal  velocity,  and  the  other  a 
vertical  velocity  (see  page  140).  If  a  be  the  angle  of  projection,  that  is,  the  angle  of 
elevation  of  the  initial  direction  above  the  horizonal  line,  then  the  velocity  v  of  pro- 
jection will  be  equivalent  to  the  horizontal  velocity  v  cos  a,  combined  with  the  verdcal 
velocity  v  sin  a. 

Now,  it  b  plain  that  gravity,  which  acts  only  in  a  vertical  direction,  cannot  in  any 

way  disturb  the  horizontal  velocity  t^  cos  a,  so  that  this  velocity  is  the  same  at  every 

point  of  the  path.    But  the  vertical  velocity  t^  sin  a,  having  the  whole  influence  of 

gravity  to  check  and  oppose  it,  will  be  utterly  destroyed  and  reduced  to  0,  when 

gravity  has  acted  sufficientiy  long  to  impress  on  the  body  (supposing  it  left  free  to  obey 

its  solicitations)  a  downward  velocity  equal  to  the  upward  velocity  v  sin  a.    The  spaces 

through  which  a  body  must  fall  to  acquire  this  velocity,  or  the  height  to  which  it 

must  ascend  to  lose  this  velocity,  is 

.  (velocity)*       .  «■  sin'  a       .    .  ,     ^  „» 

«  =  J  ^ i^  =  i =  A  am"  a  (by  equa.  2) 

Hence,  the  greatest  height  to  which  the  projectile  discharged  in  a  given  direction 
can  ascend,  will  be  found  by  multiplying  the  height  (A)  through  which  a  body  must 
fall,  to  acquire  the  velocity  (v)  of  projection,  by  the  square  of  the  sine  of  the  angle  (a) 
of  elevation. 

"With  the  same  projectile  velocity  v,  the  highest  point  to  which  the  projectile  can 
ascend  under  different  elevations,  will  of  course  be  that  due  to  the  elevation  of  90* ; 
and  we  see  accordingly,  that  the  multiplier  sin*  a  is  greater  for  this  value  of  a,  than 
for  any  other. 

Time  of  Flight.— The  time  occupied  in  the  flight  of  the  projectile,  that  is,  the 
time  &om  discharging  it  till  it  falls  to  the  horizontal  plane  passing  through  the  point  of 
departure,  will  of  course  be  double  the  time  in  which  the  vertical  velocity  is  destroyed, 
as  the  body  must  fall  to  the  horizontal  plane  with  the  same  vertical  velocity  with  which 
it  left  it.    The  time  in  which,  by  gravity,  the  velocity  t'  sin  a  would  be  generated,  is 

velocity v  sin  a 

■""     ff"~^     9 
.-.  2<  =  2  IfEJL^  the  time  of  flight 

The  time  of  flight,  therefore,  as  might  be  expected,  is  the  greater  (with  the  same 
velocity  of  projection),  the  nearer  the  direction  of  projection  approaches  to  the  vertical ; 
since  sin  a  increases  if  a  increases  and  does  not  exceed  90*. 

Range  of  the  Pxojeotlle. — The  range  is  the  distance  on  the  horizontal  plane, 
through  the  point  of  departure  at  which  the  projectile  falls.    It  has  just  been  seen  that 

the  time  of  flight  is  2  ^  and  since  the  horizontal  velocity  i;  cos  a  is  uniform  all 

this  time,  we  have  only  to  find  the  space  due  to  the  velocity  9  cos  a  in  the  time 

V  sin  a 
2  ,  that  is,  we  have 


Digitized  by 


Google" 


CENTRIFUGAL  FORCE.  143 


^  ,^  -  f>  sin  a        t;*  X  2  sin  a  cos  a        f*    •    « 

Range  =  i;  cos  a  X  2  = =  —  sin  2a 

9  9  9 

Hence,  with  the  same  velocity  v  of  projection,  the  range  increases  as  sin  2a  increasea, 
and  this  it  does  as  a  incre&es  from  a  ==  0  up  to  a  =  45'* :  therefore,  with  the  same  velo- 
city of  projection,  the  range  at  an  elevation  of  46°  will  he  greater  than  at  any  other 
elevation  whatever.  And  since  the  sine  of  an  angle  is  the  same  as  the  sine  of  its  supple- 
ment, that  is,  since  sin  2a  is  the  same  as  sin  (180°  —  2a),  it  follows  that  the  elevation 
90°  —  a  gives  the  same  range  as  the  elevation  a :  hence  the  ranges  of  projectiles,  at  any 
elevations  above  45°,  are  the  same  as  the  ranges  at  elevations  as  much  below  45°. 

The  lecgth  of  the  maximvim  range,  that  is,  when  a  =  45°,  is  shown  above  to  be  — ; 

9  being  the  initial  velocity,  and  this,  as  proved  vi  page  141  (equation  2),  is  the  same  as 
2  A :  so  that  the  length  of  the  maximum  range  is  equal  to  twice  the  height  due  to  the 
velocity  of  projection. 

If  the  range  of  a  shot  with  a  known  elevation  of  the  piece  be  ascertained,  it  wiU  be 
easy  to  determine  what  the  range  would  be  with  the  same  charge  of  x>owder  at  any  other 
elevation.  For  calling  the  maximiun  range,  or  that  due  to  the  devation  a  =  45",  B,  and 
the  range  due  to  any  other  elevation  (a')  r',  we  have,  from  the  result  just  deduced, 
r'  =r  E  sin  2a' ;  so  that  by  help  of  the^  maximum  range,  any  other  range,  with  the  same 
charge,  may  be  easily  found.  Or  if  we  know  any  range  r,  corresponding  to  the  eleva- 
tion a,  then  to  detemune  the  range  r',  corresponding  to  another  elevation  a',  we  have  the 
two  equations^ 

r'  =  R  sin  2a'  and  r  =  B  sin  2a 

I*        sin  2a'  sin  2a' 

.    —   ^_ .  |/  ~.  ■■    I* 

*  *   r         sm  2a     '  '  sin  2a 

The  following  are  the  principal  results  in  the  foregoing  theory  of  projectiles  in  a 
non-resisting  medium : — 

Time  of  flight,  <  =  2?sma  =  28iaa  . /— , 
9  ^9 

Range,  r  =  —  sin  2a  =  2A  sin  2a, 
9 

Greatest  range,  R  =  _  =  2A, 
9 
Greatest  height,  H  =  A  sin'  a. 

Where  g  is  32*2  feet,  a  the  angle  of  elevation,  v  the  velocity  of  projection,  and  h  the 
height  from  which  a  body  must  fall  from  rest  to  acquire  that  velocity. 

These  results,  however,  ought  to  be  regarded  as  but  purely  theoretical.  In  practice 
the  resirtance  of  the  air  is  so  great  in  high  velocities,  as  to  render  them  almost  useless : 
the  mathematical  doctrine  of  projectiles,  through  a  resisting  atmosphere,  is  full  of  diffi- 
culties ;  and  as  the  laws  of  resistance  are  as  yet  but  insufficiently  established,  practical 
men  must  be  guided  chiefly  by  the  results  of  actual  experiment.  The  experiments  in 
gmmery,  by  Dr.  Hutton,  as  given  in  his  "  Mathematical  Tracts,"  may  be  consulted  with 
advantage. 

Gixculaz  Motion — Centzifugal  Force,— If  a  body  move  uniformly  in  the  cir- 
cmnference  of  a  circle,  the  force  to  which  that  motion  is  due  must  reside  in  the  centre  of 
that  circle.  This  is  only  a  particular  case  of  the  following  more  general  proposition : 
namely,  that  if  a  body  describe  any  curve,  in  virtue  of  a  force  continually  diverting  it 
from  its  wonted  rectilinear  path,  that  force  must  reside  in  a  point  such  that,  conceiving 
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« line  to  join  that  point  with  tae  moving  body,  this  line,  moving  with  the  body,  must 
flwe^p  over  cqxkol  aoctiotid  &rea«  in  «qual  tLmoe. 

This  may  be  readily  proved  by  firat  establishing  the  direct  propoBitioEi,  namoly— that 
If  a  bcidy  describe  a  ourve  abriut  any  <^ntre  of  force,  and  a  iLac  be  supposed  to  unite  that 
centre  with  the  body,  equal  areas  will  be  described  in  equal  tiniDfl. 

Let  an  attractive  force  at  S  aa  upon  a  body  at  the  dlataijce  S  B ;  and  to  ainiplify  the 
inquiry^  imagine  at  first  that  instead  of  acting  contintiouflly,  the  force  eserts  itself  only 
at  short  regular  intervals ;  that,  in  fact,  it  conaista  of  only  equal 
BUcecBgive  impulacs. 

Let  A  B  be  the  rcctilineur  path  described  hy  the  body  during 
any  one  interval  between  two  sueeessiFe  impulass.  At  B  the 
impulse  is  repeated,  and  the  couwe  of  the  body  is  diverted  into 
the  new  path  B  C^  which  is  described  during  the  next  interval,  at 
the  end  of  whieh  another  impulse,  in  the  direction  C  S,  bends  it5 
path  again,  and  so  on-  In  the  two  intervals  here  considerBd,  the 
triangular  areas  SAB,  SBC,  will  have  been  described  j  and  it 
will  be  ea^y  to  show  that  these  areas,  thus  described  in  equal 
times,  are  equal.  For  if,  when  the  body  was  at  B,  no  fresh  im- 
pulse had  been  given  to  it,  it  would  have  moved  forward  uni- 
formly to  M,  deaiiribing  B  M,  the  continuation  of  A  B,  equal  to 
AB;  in  which  case  the  triangular  areas  SAB,  S  B  M,  would,  of 
course,  have  baen  equal :  it  remains  to  show  that  the  latter  of 
these  is  also  equal  to  the  triangular  area  SBC* 

The  impulse  from  S,  if  it  had  acted  alone  on  th*  body  when  at  B,  woiild  have 
brought  it  to  some  paint  N  in  B  S,  in  the  prescribed  interval  of  time ;  and  its  uniform 
motion  along  A  B,  if  undisturbed^  would  in  the  same  interval  have  braught  it  to  M.  In 
virtue  of  these  two  nnifonn  uiotionsj  the  on«  from  B  toN,  and  the  other  from  B  to  M,  in 
the  aanie  timoj  the  actual  motion  of  the  body  is  along  the  diagonal  B  C  of  the  parallelo- 
gram M  N.  Hentse  M  C  bein^  parallel  to  B  S,  the  two  triangles  B  M  S,  B  C  S,  upon  the 
same  base  B  S,  are  between  the  same  parallels,  and 
ore  therefore  equal ;  therefore  the  tiiangle  B  C  S  ia 
equal  to  the  tiiangle  A  B  S.  It  follows,  therefore, 
that  in  the  equal  times,  equal  triangular  spaces  have 
been  described^ 

In  the  same  manner  as  it  has  now  been  shown, 
that  tbe  triangular  area  S  A  B^  described  in  tho 
first  interval  of  time,  is  equal  to  that  SBC  de- 
Bcribed  in  the  aaeond  equal  intorvd,  so  may  it  be 
shown  that  the  triangular  area  described  in  the 
third  interval  ia  oqual  to  that  described  in  the 
aeoond,  and  so  on.  Hence  these  triangular  areas,  as 
fig^ired  in  the  margin,  being  all  equal,  it  follows, 
uniting  any  nnmber  of  them  in  one  area,  that  equal 
areas  are  thns  described  in  equal  tinges. 

As  this  is  true,  however  small  the  individual  intervals  of  time  between  the  impulBet 
may  be,  it  Is  true  when  these  intervals  are  inaenaibly  smailj  or  when  the  successive  im- 
pulses follow  in  one  continuous  force,  and  the  lines  A  B,  B  G,  &c.,  unite  in  one  con- 
tintioua  cnnre»    Hence,  when  a  body  is  constrained  to  move  in  a  curve,  hy  the  continii- 
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oos  action  of  a  central  force,  equal  areas  are  described  about  the  centre  of  force  in  equal 


Gonyenely,  if  equal  areas  are  described  about  a  point  in  equal  times,  the  centre  of 
force  goyeming  the  motion  of  the  body  must  be  at  that  point. 

Suppose  the  two  equal  areas  S  A  B,  S  B  C,  to  be  described  about  S  in  equal  times 
(Fig.  at  page  144) :  then  if  the  force  acting  on  B  were  not  in  the  direction  B  S,  M  C, 
parallel  to  the  direction  of  the  force,  would  not  be  parallel  to  B  8 ;  that  is,  two  triangles 
S  B  0,  S  B  M  on  the  same  base  B  S,  though  not  between  the  same  parallels,  are  equal, 
which  is  impossible  (Euc.  40  of  I.). 

It  follows  from  this  that,  if  a  body  under  the  influence  of  a  continuous  force,  moye 
imiformly  in  the  circimiference  of  a  circle,  the  force  must  be  at  the  centre  of  that  oirde, 
because  equal  sectional  areas  are  described  in  equal  times,  since  equal  arcs  are. 

The  force  by  which  a  body  moying  in  a  curve  is  drawn  at  any  instant  towards  the 
centre  of  attraction  S,  is  called  the  centripetal  force  at  the  distance  the  body  is  at  t&at 
instant :  the  opposing  force  with  which  the  body  tends  to  fly  off  from  the  centre,  and 
proceed  in  a  rectilinear  path,  is  called  the  centrifugal  force.  In  circular  motion  these 
forces  are    eyerywhere  exactly  equal;  for     |^  - 

neither,  at  any  point  of  the  circular  path, 
prevails  over  the  other,  the  distance  from 
the  centre  of  force  S  being  everywhere  the 
same.  Let  the  arc  A  B  be  described  in  one 
second :  draw  B  E  perpendicular  to  A  S ; 
then  in  one  second  the  body,  originally  at 
A,  will  have  fallen  from  its  wonted  straight 
path  A  M,  a  distance  =  A  E  towards  the 
attractive  force  at  S :  hence,  2  A  E  expresses 
the  intensity  of  that  force  (page  135)  acting 
OD  A  Join  B  A' ;  then  since  the  arc  A  B 
differs  insensibly  from  its  chord  (for  the 
time  of  describing  it  may  be  regarded  as 
minute  as  we  please),  we  nuiy  regard  ABA' 
as  a  right-angled  plane  triangle,  since  the  angle  B  is  in  a  aemicirole ;  iherafoie  (Euc.  8.  YI.) 

A  E  :  A  B  : :  A  B  :  A  A 


AB»_AB» 
•^^-  A~A'-2XS' 


IAE=: 


AB* 


Now  2  A  E  represents  the  accelerating  force  at  S,  or,  taken  in  an  opposite  direction, 
it  represents  the  centrifugal  force  /,  and  A  B  represents  the  velocity  f^  in  the  curve ;  con- 


sequently the  centrifugal  force /=  — ,  where  r : 


:  radius. 


If  as  usual  w  be  made  to  stand  for  the  number  3*14169,  &c.,  the  whole  circumference 
of  the  circle  will  be  2  t  r ;  therefore,  calling  the  whole  time  of  describing  the  circum- 
ference— that  is,  the  periodic  time,  f— and  remembering  that  the  imiform  yelocity  v  is 
equal  to  the  whole  space  divided  by  the  whole  time,  we  have 


\jK_r 
t    ' 


/= 


4ir3r 


<a 


In  the  foregoing  reasoning  we  are  required  to  take  t  so  many  seconds;  but  the  unit 
of  time  may  be  regarded  as  much  smaller  than  this  as  we  please  *,  and  thus  the  error  of 

VOL.  IX.  I" 


Google 


Digitized  by 


146  CBNTEIFITQAL  TOBiCK  AT  THS  XAATH's  StTtFACM. 


oonfoondiiig  the  aro  A  B  with  its  chord  may  he  entirBly  remoTed,  so  that  we  may  oon- 
elude  rigoioualy  that — 

The  centarifbgal  f<Hrce  in  a  circle  varies  as  the  radius  divided  hy  the  square  of  the 

time  of  describiiig  it:  thus,  for  another  circle  we  should  have  F  =     ^   ■; 

where/,  F  stand  for  the  centrifugal  or  centripetal  forces  at  the  re^ectiye  centres  of 
circles  of  radii  r,  R,  and  in  which  the  periodic  times  are  t,  T.  If  K  =  r,  that  is,  if  the 
circles  are  equal,  the  centrifugal  forces  F,/  are  inversely  as  the  squares  of  the  times  T,  t. 

An  interesting  application  of  these  results  is  to  the  determination  of  the  centrifugal 
force  at  different  places  on  the  surfeuie  of  the  earth,  £rom  knowing  the  time  of  one  rota- 
tion on  its  axis.  But  in  studying  this  application,  the  student  will  not  &il  to  ohserve 
that  the  circular  path  of  a  body,  on  the  surface  of  the  rotating  earth,  is  not  described 
under  the  same  circumstances  as  the  circular  path  is  considered  to  be  described  in  the 
present  article.  Sere  there  is  no  solid  matter  interposed  between  the  circulating  body 
and  the  central  force ;  there  is  nothing  to  prevent  its  feJling  to  the  centre  at  any  point 
of  its  orbit ;  it  is  kept  always  at  the  same  distance  £rom  the  centre,  simply  because 
the  force  pulling  it  towards  that  centre  is  exactly  balanced  by  that  driving  it  from,  it; 
the  centrifugal  force  is  just  sufficient  to  deprive  the  body  of  all  weight  or  pressure  to- 
wards  the  centre.  Wiih.  the  earth  it  is  different :  if  a  perforation  be  bored  in  the  earth, 
beneath  a  body  on  its  surface,  the  body  will  Ml  down  it ;  because  the  centrifugal  force, 
driving  it  from  the  centre,  is  less  than  the  attracting,  or  centripetal,  force  pulling  it  the 
other  way. 

Centxifiigal  Fovce  at  the  Earth's  Suxface^— The  earth,  by  its  diurnal  rota- 
tion, carries  round,  with  a  uniform  velocity,  every  point  on  its  surface  in  86164  seconds. 
At  the  equator  the  radius  £  is  about  20922000  feet ;  therefore  the  centrifugal  force  F  at 
the  equatOTis 

„       4xR       4*X2091J2000         ...oak^^ 
^=  ^^  X 8616P— =  ^^^^^  ^ 

As  this  force  opposes  the  force  of  gravity,  it  follows  that  if  the  earth  had  no  rotation 
on  its  axis— that  ip,  if  no  centrifugal  force  existed — gravity  at  the  equator,  instead  of  being 
what  it  really  is,  namely,  ff  =  32088  feet,  would  be  G  =  ^  -I-  -111246,  and  thus  the 

weight  of  a  body  there  would  be  a  --      q-  part  more  than  it  actually  is. 
The  ratio  of  G  to  F  being 

,  32-199  :  -1112  or  289  :  1  nearly; 

'''^  =  W9 (^) 

Now  every  parallel  to  the  equator  being  carried  roimd  in  the  same  time  T,  as  the 
equator  itself^  by  representing  the  centrifugal  force  in  the  parallel  whose  latitude  is  l^ 
and  radiufl  r,  by/,  we  shall  have 

i=i---f^^i=m'^'  ...  (2) 

Since,  as  ts  evidfint,  r  ^  R  eos  I. 

The  fbrcti  of  gravity  is  not  diminished  by  the  wMe  of  the  centrifugal  force,  «^cept  at 
the  equator ;  becauaa  in  any  parallel  P  A  F  this  fbrc«  acts,  not  in  tb^a  direction  P  jv 


Digitized  by 


Google 


BOCnnJTIOK  OF  GRAVITY  IN  DIFTBRBNT  I.ATIT17DBS. 


m 


Jif  tlMirefiore,  ve  do* 


whdly  opposed  to  the  force  of  gniTity,  but  in  tbe  dinotioii  Fj<, 
compose  the  force  Fj/  in  the 
perpendicular  directionB  Vp^ 
T'q,  the  former  oomponent, 
bdng  directly  opposed  to  the 
force  of  gravity,  and  the  lat- 
ter component  being  a  foroe 
acting  tangentially,  and  there- 
fore urging  the  particle  P  to- 
wards the  equator,  we  shall 
have 

Force  opposing  gravity, 
V'p^Vpf  cos  j?Fj/  =/ooe  h 

Hence  (2)  the  expression 
for  the  diminution  of  gravity, 
in  consequence  of  centrifiigal 
&roe,  at  latitude  l^  is 

Diminution  of  equatorial  gravity  6  in  lat  /  =  jr^  oos*  /. 

G<m8equently  the  amount  of  diminution  varies  ss  the  square  <^  the  cosine  of  the 
latitude. 

The  other  component  F  ^  of  the  centrifugal  force  at  P,  being  tangential,  tends  to 
drive  the  particles  of  the  revolving  body  from  the  region  of  the  polra  to  that  of  the 
equator,  and  to  cause  the  body  to  assume  the  figure  of  an  oblate  spheroid,  which  is  the 
iguie  that  the  earth  has  assumed :  the  expression  fi>r  the  tangential  foroe  is 

6  G 

Tangential  force,  Vq  =/8in  /  =  gggon  /cos /=  ^-g  sin  2/, 

vhich  therefore  varies  as  the  sine  of  twice  the  latitude.  The  force  thus  tendiag  to 
aceomulate  matter  about  the  equatorial  regions  is  obviously  greatest  at  lat  46%  for  there 
21=1. 

From  the  foregoing  principles  we  may  readily  determine  the  time  in  which  the  earth 
srast  perfbrm  its  diurnal  rotation,  in  order  that  the  centrifugal  force  at  the  equator  may 
be  exactly  equal  to  the  force  of  gravity  there ;  that  is,  in  order  that  a  body  at  the 
equator  may  have  no  weight. 

Let  T  represent  the  time  of  rotation  corresponding  to  which  the  centrifugal  force 
would  be  equal  to  that  of  gravity  0 ;  then  the  time  at  present  being  T,  since  the  centri- 
fiigal forces  in  the  same  circle  are  inversely  as  the  squares  of  the  times  of  describing 
that  circle  (page  146),  we  have  equation  (1) 

a:^::T»:r; 


^i/289 


17- 


Hence,  if  the  diurnal  rotation  of  the  earth  were  performed  in  the  17th  part  of  ihe 
time  really  occupied— that  is,  if  it  were  to  turn  roimd  seventeen  times  as  rapidly — 
Indies  at  the  equator  would  lose  all  their  weight;  and  would,  therefore,  if  placed  at  a 
aaall  distance  above  the  surface,  remain  suspended  without  any  support.  If  the  rotation 
were  more  rapid  than  this,  no  body  could  remain  on  the  surface :  everything  would  be 
lepeUed  from  it  by  the  centrifugal  force. 
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It  has  been  d  monstrated,  however,  that  a  spheroid,  if  fluid,  and  of  the  same  density 
as  the  earth,  could  not  remain  in  equilibrium  if  it  were  to  rotate  in  a  shorter  time  than 
2h.  25m.  36s.     (See  "  Airy's  Tracts,"  second  edition,  p.  150.) 

From  what  has  now  been  shown,  it  will  be  observed  that  the  superior  accumulation 
of  matter  about  the  equatorial  regions  of  the  earth  arises  from  two  circumstances,  or 
the  rather  it  is  a  twofold  effect  of  ike  same  cause.  The  centrifugal  force  generated  by 
the  diurnal  rotation,  acting  in  planes  perpendicular  to  the  axis,  and  on  all  the  particles  in 
each  plane,  and  on  the  remoter  particles  of  the  plane  more  intensely  than  on  the  nearer, 
necessarily  occasions  the  surface  of  the  earth  about  the  equator  to  recede  more  from  the 
axis  of  rotation  than  the  surface  nearer  to  the  poles.  If  the  earth  were  not  a  rotating 
body,  and  an  external  influence  opposed  to  that  of  gravitation  were  to  diffuse  itself  like 
a  belt  round  the  equatorial  regions,  the  matter  under  this  belt  would  yield  to  the  in- 
fluence, and  bulge  out ;  and  supposing  the  entire  surface  to  be  fluid,  the  waters  of  the 
polar  regions  would  become  prox>ortionately  depressed.  But  in  the  actual  case  the 
bulging  out  occasioned  by  the  direct  centrifugal  force  at  the  equator,  exceeding  the 
direct  centrifugal  force  at  every  other  parallel  of  latitude,  is  further  increased  by  all 
these  parallels  contributing  indirectly  to  the  enlargement  of  the  equator,  as  well  as 
directly  to  the  enlargement  of  itself;  for,  as  shown  above,  the  equator  is  the  only  one 
of  the  rotating  circles  which  expends  none  of  the  force  upon  it  in  a  tangential 
direction.  Every  other  circle — every  parallel  of  latitude  on  either  side,  contributes 
tangentially  its  own  supply  of  matter  towards  the  equatorial  regions,  this  supply, 
however,  becoming  less  and  less  as  the  parallels  recede  from  that  of  45°. 

On  account  of  the  solid  materials  of  which  a  portion  of  the  earth  is  composed,  and 
tho  particles  of  which  resist  separation  by  their  cohesion,  the  effects  of  centrifugal  force 
are  in  some  degree  counteracted ;  but  it  is  the  general  opinion  of  philosophers,  that  the 
present  solid  parts  of  the  earth  were  once  in  a  fluid  or  semi-fluid  state — ^in  feet,  in  a 
Htato  of  fusion ;  and  that  the  outer  crust  has  become  solidified  by  cooling. 

But  those  portions  of  the  earth's  surface  which  still  remain  fluid,  observably  yield 
to  the  tangential  influence  of  the  centrifugal  force.  There  is  a  tendency,  as  observation, 
abowftf  in  the  waters  north  and  south  of  the  equator  to  flow  towards  that  circle ;  and  as 
they  flow  from  parts  where  the  velocity  of  the  diurnal  rotation  is  less  than  the  velocity 
bX  the  equator,  the  streams  from  high  latitudes  are  gradually  left  more  and  more  behind 
in  their  lateral  approach  to  the  equator,  where  the  diurnal  velocity  is  greatest.  As  this 
velocity  is  towards  the  east,  we  may  therefore  expect  to  meet  with  great  westerly- 
cuTTDDts  in  the  open  seas  north  and  south  of  the  equator,  which  is  conformable  to 
experience. 


SECTION  II.— MOVING  FORCES. 

Jn  the  foregoing  section  of  the  present  elementary  treatise  we  have  confined  our 
attention  exclusively  to  motion,  unconnected  with  any  considerations  in  reference  to  the 
quantity  of  matter  moved.  And  although  we  have  repeatedly  used  the  term  bodffy  yet 
we  have  paid  no  regard  to  bulk  or  weight.  The  forces  with  which  we  have  been  dcutl. 
lug  have,  indeed,  throughout  been  supposed  to  be  analogous  to  the  force  of  gravity, 
which  gives  the  same  velocity,  in  the  same  circumstances,  to  a  single  particle  of  matter 
as  to  the  largest  volume.  We  propose  now  to  enter  ux>on  a  few  inquiries  in  which  it 
wQl  be  necessary  to  take  into  account  quantity  of  matter ;  and  as  preliminary  to  these. 
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sorae  explanation  miut  be  given  of  the  aenae  in  which  oertain  tenns,  hereafter  to  be 
employed,  are  to  be  understood. 

Every  person  has  a  tolerably  dear  notion  of  umpht :  if  two  lubatanoea,  howeyer  dif- 
fering in  bulk  or  volume,  have  the  same  weight  at  the  same  place,  we  infer  that  they 
contain  the  same  quantities  of  matter ;  this  is  briefly  expressed  by  saying  that  they  are 
equal  in  maaa.  Yet  mass  and  weight  are  not  to  be  regarded  as  expressing  the  same 
thing ;  if  any  mass,  or  quantity  of  matter,  were  weighed  at  the  pole,  and  then  the  same 
mass  weighed  at  the  equator,  tiiese  weights  would  be  different ;  though  of  course  the 
transportation  of  the  matter,  from  the  pole  to  the  equator,  could  not  produce  any  change 
in  its  constitution.     (See  Fropertiei  o/MotUr,  p.  12.) 

A  solid  body  may  be  considered  as  made  up  of  particles  or  atoms,  the  aggregate  of 
which  constitute  its  volume ;  these  particles  may  bo  packed  (so  to  say)  more  closely  in 
one  body  than  in  another  of  the  same  volume ;  so  that  the  former  may  contain  a  greater 
quantity  of  matter  than  the  latter ;  that  is,  a  greater  number  of  particles.  Beferring  to 
this  more  compact  constitution  of  the  body,  we  say  that  it  is  more  detue  than  the  other 
body.  Density,  therefore,  has  reference  to  the  quantity  of  matter  in  a  given  bulk ;  and 
if  of  two  bodies  of  equal  bulk,  one  be  found  to  weigh,  at  the  same  place,  tn  times  as 
much  as  the  other,  the  former  is  said  to  have  m  times  the  density  of  the  other ;  it  con- 
tains m  times  the  quantity  of  matter,  and  is  therefore  m  times  the  mass  of  the  other. 

The  proper  way,  therefore,  to  represent  the  mass  of  any  volume  V,  with  a  view  to  a 
correct  comparison  with  other  volumes,  is  this :  Mass  =  Density  X  Volume ;  or,  in 
symbols,  M  =  D  v.  And  it  is  to  bo  observed  that  density  is  employed  only  compara- 
tively, not  absolutely ;  as  when  we  say  that  lead  has  about  seven  times  the  density  of 
water,  we  mean  that  about  seven  times  as  much  matter  is  packed  into  a  given  volume 
of  lead,  as  into  an  equal  volume  of  water;  so  that  the  mass  of  a  cubic  inch  of  lead  is 
seven  times  the  mass  of  a  cubic  inch  of  water. 

As  already  observed,  the  mass  of  a  body  is  proportional  to  its  weight  at  the  same 
place :  the  dynamical  effect  of  this  weight  (W),  or  rather  its  dynamical  measure,  is 
My,  where  M  is  the  mass  and  g  the  force  of  gravity  acting  on  it.  And,  in  like  manner, 
if  a  force /analogous  to,  but  different  in  intensity  from  gravity,  were  to  act  on  the  mass 
M,  the  dynamical  measure  of  the  effect  would  be  M/,  which  is  called  the  moving  force; 
so  that  in  the  equation  F  =  M/,  M  is  the  mass,  or  quantity  of  matter  moved,/  is  the 
accelerating  force  acting  on  it,  and  F  is  the  moving  force,  the  dynamical  measure  of  the 
effect.    In  statics  this  would  be  pressure  or  tension. 

The  product  of  the  mass  by  the  velocity  with  which  it  moves,  is  called  the  momet^ 
Um  of  the  body ;  as  the  velocity  increases,  therefore,  so  does  the  momentum.  In  imiform 
velocity,  the  momentum  is  constant :  in  uniformly  accelerated  velocity,  additional  mo- 
mentum is  generated  every  second ;  the  increments  of  momentum  being  constant,  like 
the  increments  of  velocity.  In  the  preceding  expression  for  F,  namely,  F  ==  M/,  /  is  no 
other  than  the  constant  increment  of  velocity  generated  in  one  second ;  consequently  the 
momentum  generated  in  one  second  expresses,  in  fact,  the  moving  force  F ;  just  as  the 
velocity  generated  in  one  second  represents  the  accelerating  foree/. 

This  latter  force,  as  sufficiently  seen  in  the  preceding  section,  is  all  we  have  to 
attend  to  in  investigating  the  motion  of  any  single  body  subjected  to  its  influence.  As 
it  acts  upon  aU  the  particles  of  the  body  alike,  the  consideration  of  the  number  of  these 
particles,  or  the  mass  of  the  body,  would  be  superfluous.  But  when,  instead  of  a 
single  isolated  body,  we  have  to  examine  into  the  motions  of  a  system  of  bodies,  con- 
nected together  by  any  ties,  as  cords,  rods,  &c.,  or  mutually  acting  upon  one  another  in 
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any  way,  ihen,  as  it  is  easy  to  peroeiye,  the  quantity  of  matter  in  each  body  beoomes  an 
important  item  of  consideration. 

From  what  has  now  beeh  said,  the  student  will  be  pretMU^  to  gire  his  assent  to 
the  following  ezpreasions,  where  Y  repreeents  Toiume,  and  D  density  :^^ 
Thema88H  =  DV; 
The  moving  force  F  =  M/  .*.  /=r  jj  the  accelerating  force  j 
The  momentum  =  Mv* 
But  in  order  that  he  may  attach  an  intelligible  meaning  to  these  symbols  and 
relations,  and  may  not  mistake  their  proper  signification,  we  shall  here  exemplify  their 
interpretation  in  a  particular  case. 

Suppose  the  yolume  of  a  body,  that  is,  its  magnitude,  to  be  10  cubic  feet,  and  that  in 
each  cubic  foot  there  is  three  times  the  quantity  of  matter  that  there  is  in  a  cubic  foot 
of  some  standard  substance — say  pure  water.  Then  representing  the  density  of  water 
by  unity  or  1,  the  quantity  of  matter  in  the  body  before  us,  that  is,  the  mass  M,  will  be 

M  =  DV  =  3X  10  =  the  mass  of  30  cubic  feet  of  pure  water; 
that  is  to  say,  there  is  as  much  matter  in  the  proposed  10  cubic  feet  as  there  is  in  30 
cubic  feet  of  pure  water. 

If  this  mass  move  with  a  uniform  velocity  of  12  feet  per  second,  the  momentum  of 
it,  or  the  force  of  the  blow  with  which  it  would  strike  an  obstacle,  would  be 

Mf  =  the  momentum  of  30  cubic  feet  of  pure  water,  or  of  30  cubic  feet  of  a  sub- 
stance of  the  same  density  as  water,  moving  at  the  same  rate, — vii,  12  feet 
per  second. 
If  the  velocity  of  the  moving  mass,  instead  of  being  uniform,  is  constantiy  accelerated, 
the  constant  acceleration  being /=  6  feet  per  second,  then  there  is  an  acceleration  or 
accimiulation  of  momentum ;  and  as,  when  uniform,  the  momentum  is  Ki>,  so  the  con- 
stant accumulation  of  it,  called  the  moving  force,  is 

M/=  the  moving  force  (or  constant  accumulation  of  momentum)  of  30  cubic  feet  of 

a  substance  of  the  same  density  as  water  accelerated  6  feet  per  second. 
When  the  velocity  of  the  moving  body  is  uniform,  there  is  no  moving  force,  that  is, 
there  is  no  accumulation  of  momentum,  because  there  is  no  accumulation  of  velocity. 
If  motion  be  not  the  result  of  the  force /acting  on  the  body,  the  effect  must  be  pressure 
or  weight. 

The  preceding  explanation  of  the  sense  in  which  the  symbols  are  to  be  understood, 
may  be  varied  a  littie  as  follows : — Let  the  quantity  of  matter  in  a  cubic  foot  of  pure 
water  be  taken  for  the  unit  of  mass,  and  the  density  of  pure  water  for  the  unit  of  density. 
Let  the  momentum  of  a  cubic  foot  of  pure  water,  or  of  a  substance  of  equal  density, 
moving  with  a  uniform  velocity  of  one  foot  per  second,  be  taken  for  the  unit  of  momen- 
tum.   Let  the  accumulation  of  momentum,  or  the  constant  quantity  of  momentum 
generated  in  one  second  in  a  cubic  foot  of  pure  water,  or  in  the  same  volume  of  a  sub- 
stance of  equal  density,  moving  with  an  accelerating  velocity  of  one  foot  per  second,  be 
taken  for  the  unit  of  moving  force.    Then  V  representing  the  number  of  cubic  feet  in.  the 
volume  of  any  body  B,  M  the  nunUter  of  units  of  mass,  i»  the  number  of  feet  per  second 
in  the  velocity,  and /the  number  of  feet  per  second  of  acceleration,  we  shall  hare 
M  r=  D  Y,  the  number  of  imits  of  mass  in  the  body  B 
Mr,  the  number  of  units  of  momenlKim 
M/*,  the  number  of  units  of  moving  force. 
We  shall  now  proceed  to  some  applications  of  the  theory  of  moving  forces. 
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AppUcatioiui  of  aSoTlng  Foveefl, — 1.  Two  heayy  oodiM  whose  maaBes  are 
M,  M',  are  oonnected  together  by  a  string  which  passes  orer  a  fixed 
pulley :  required  the  circumstances  of  the  motion. 

Let  M  be  the  greater  of  the  two  masses ;  then  M  —  M'  is  the  mass 
which,  acted  upon  by  grayity,  causes  M  to  descend  and  M'  to  ascend. 
The  moving  force  F,  therefore,  to  which  the  motion  is  due,  is  F  =:  (M  — 
HO  g ;  and  therefore  the  accelerating  force  /,  which,  as  aboye,  is  equal 
to  F  divided  hy  the  entire  mass  moved,  is 
«__  M  —  M' 

And  sinoe  the  velocity  generated  in  i  seconds  is  /K,  and  the  space 
passed  over  \f^  (page  134),  we  shall  have,  for  the  velocity  of  M  down- 
wards, or  of  M'  upwards  in  i  seconds, 

M  —  "W  "M  —'  Iff' 

*'=H+Tr  ^»  «»d  for  space,  «  =  J  g^Tg;  i)^ 

These  expressions  determine  the  velocity  with  which  M  descends  at  the 
end  of  /  seconds,  and  the  space  through  which  it  will  have  fisdlen  in  that 
time. 

Tension  of  the  Stiliig. — ^If  the  string  were  fastened  to  the  pulley,  so  as  to 
prevent  motion,  M,  acted  upon  by  the  accelerating  force  of  gravity  ^,  would  exert  upon 
it  a  pressure  or  tension  M^ ;  but  this  is  diminished  in  consequence  of  a  part  of  the 
accelerating  force,  namely/,  acting  uponM,  and  wholly  expended  in  producing  motion: 
hence  the  pressure  or  tension  suffered  by  the  string  is  only  the  difference  between  the 
two  pressures,  namely : 

This,  therefore,  is  the  expression  for  the  tension  of  the  string.  With  regard  to  the  other 
mass,  M',  not  only  is  the  accelerating  force  of  gravity  y,  acting  downwards  upon  M', 
whoUy  exerted  in  stretching  the  string,  but  the  upward  accelerating  force /in  addition: 
hence  the  pressure  or  tension  due  to  M'  is 

T  =  M'(,  +/)  =  M'(,  +  2^;  ,)=  ^.. 

the  same  as  before ;  as  of  course  it  ought  to  be. 

Pressuze  on  the  Axis  of  the  Fnlley. — ^What  is  tension  as  respects  the 

stmg,  becomes,  of  course,  pressure  when  acting  on  the  pulley.    As  the  tension  of  the 

string  is  on  each  side  the  same,  namely,  T,  as  determined  above,  therefore  the  pressure 

on  the  pulley  is  twice  this,  namely : 

4  M  M' 
Pressure  on  axis  of  pulley  =  i>,   .   ^,  g. 

It  18  scarcely  necessary  to  remind  the  student  that  any  mass  multiplied  by  ^,  in 

other  words,  the  movmg  force  due  to  gravity,  is  mere  weight  when  exerted  statically. 

Thus,  calling  the  weights  of  the  masses  M  and  M',  W  and  W'  respectively,  we  shall 

2  W^  "W"' 
find  that  the  foregoing  expression  for  T  is  the  same  as  T  =:  ^   i  ^^ 

For  the  expression  at  first  given  may  evidently  be  written  thus,  namely : — 

2MiirM^ 

Suppose,  for  instance,  the  weights  hanging  to  the  string  were  7  lbs*  and  5  lbs. 
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regpectiyely ;  then  the  tenaion  of  the  string  would  be  ?  7  I^     Ihe.  =  6^  lbs. ;  that 

is,  a  weight  of  6#  lbs.  would,  if  suspended  to  a  fixed  string,  produce  the  same  tension  as 
is  actually  produced  in  the  moving  string.  In  like  manner,  the  axis  of  the  pulley  sus- 
tains a  pressure  equal  to  llf  lbs.  As  the  masses  are  proportional  to  the  weights,  we 
may,  in  a  similar  way,  get  a  numerical  expression  for  the  accelerative  force  /-—that  is, 
by  substituting  the  weights  for  the  masses  in  the  above  value  of  /.     Thus,  taking  the 

weights  as  here  assumed,  we  have 

7  —  R 
Acceleration, /=:  ^       ,  32-2  =  6*36  feet  per  second, 

the  accelerating  force  that  gives  motion  to  the  system  being  ^th  of  the  accelerative  force 
of  gravity. 

As  already  noticed,  the  moving  force  M^,  which  combines  quantity  of  matter  with 
the  force  acting  upon  it,  is  pressure  or  weight  when  motion  is  not  tiie  result  of  the 
action  of  the  force  on  the  mass.  The  symbol  g,  therefore,  which  stands  for  acceleration 
in  Dynamics,  should  stand  for  pressure  or  weight  in  Statics,  as  in  the  expression  for  T 

given  above,  namely, 

m  _  2  Mj/.My  _    2  WW 

^  —  M^  4-  MV  "■  W  +  W 
The  learner,  therefore,  will  not  fall  into  the  mistake  of  regarding  such  an  expression 
as  "W  =  M^  equivalent  to  the  statement,  that  "  weight  is  equal  to  mass  multiplied  by 
32*2  feet."  This  wQuld,  of  course,  be  absurd.  The  symbol  g  here  stands  for  *'  the 
weight  impressed  by  gravity  on  the  unit  of  mass,"  whatever  that  unit  may  be  selected 
to  be.  The  unit  of  mass  being  assumed  or  fixed  upon  by  common  consent,  then,  in  the 
above  expression,  M  is  the  number  of  these  units  in  the  body  referred  to,  and  g  the 
weight  of  one  of  them. 

The  unit  of  mass  is  usually  taken  equivalent  to  a  cubic  foot  of  distilled  water,  at 
the  temperature  60°  of  Fahrenheit's  thermometer.  The  weight  of  this  unit  is  1000 
ounces  avoirdupois  j  and  the  weight  W  of  any  body  whatever,  containing  in  it  M  times 
the  quantity  of  matter  contained  in  one  cubic  foot  of  distilled  water,  will  always  be 
W  =  M  X  1000  ounces ;  and  the  same  would  obviously  be  the  case  if  the  unit  of  mass 
were  anything  else,  g  representing  always  the  weight  of  that  unit. 

Whenever,  in  any  mechanical  inquiry,  the  investigation  involves  the  mixed  con- 
sideration of  motion  and  statical  pressure,  although  the  motion  and  the  pressure  may  be 
equally  due  to  the  same  thing,  and  the  same  symbol  (g  for  instance)  be  employed 
indifferently  for  the  one  or  other  of  these  different  effects,  yet,  as  the  effect  is  all  that 
we  intend  the  symbol  to  represent,  it  is  plain  that  its  signification  in  the  one  case  must 
be  different  from  its  signification  in  the  other.  And  it  is  of  importance  that  the  student 
always  bear  this  in  remembrance :  he  will  find  some  further  reference  to  the  matter  in 
the  treatise  on  Hydrostatics. 

2.  Two  weights  W,  W,  connected  by  a  string  passing  over  a  small  pulley  C.  ai« 

placed  upon  the  two  indi- 
W    ^^    .^-^:;;i^==^^^'''^\    w,  ^®^  v^ne&  C  A,  C  B :  it   is 

required  to  determine  the  cir- 
cumstances of  their  motion. 
Let,  as  before,  M,  M'  ro- 

A    -'^ . ^    B    present  the  two  masses.    The 

moving  force  of  W,  in  the  direction  W  A,  is  M<7  sin  t ;  and  the  moving  force  of  W%  in 
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the  direction  W  B,  is  Wg  sin  f  :  these  oppose  one  another,  so  that  the  moving  toroe 
F,  to  which  the  motion  is  due,  is  the  difference  of  them,  namely : — 
F  ==  (M  sin  f  ^  M'  sin  f')y. 
And  consequently  the  accelerating  force/,  which  is  equal  to  F  divided  by  the  sum 
of  the  masses  moved,  is 

- M  sin  f  ^  M'  sin  t* 

•^""         M+M'         ^' 

This  therefore  is  the  expression  for  the  accelerating  force  which  urges  W  down  the 
plane  C  A,  and  which,  consequently,  draws  W'  up  the  plane  0  B. 

And  since  the  velocity  generated  in  t  seconds  is  ft,  and  the  space  passed  over  4A*, 
the  velocity  acquired  by  W  downwards,  or  by  W  upwards,  in  t  seconds,  is 

M  sin  » «/"  M'  sin  r    ^ 

•= M+M        " 

.  , .,  -       -v  J  •  M  sin  f  »/^  M'  sin  t*   ^ 

and  the  space  described  is         «  =  — 9  /ll  j,  \/t'\ —  ^ 

If  the  two  planes  were  ver^cal,  the  problem  would  become  identical  with  the  last; 
we  should  then  have  sin  t  and  sin  t""  each  equal  to  1 ;  and  we  see  that  the  expressions 
for  V,  $  would  be  those  already  deduced. 

If  only  one  of  the  planes  were  vertical,  the  problem  would  be  converted  into  this, 
namely,  to  determine  the  circumstances  of  the  motion  when  one  body  W,  hanging  ver- 
tically, draws  another  body  W'  up  an  inclined  plane.  In  this  case,  sin  •  =  1 ;  and  we 
have  only  to  put  this  in  the  preceding  expressions,  in  order  to  obtain  the  necessary 
particulars  of  the  motion. 

Again,  if  one  of  the  planes  were  vertical  and  the  other  horizontal,  the  problem  would 
be  to  determine  the  motion  when  W,  hanging  vertically,  draws  W  along  a  horizontal 
plane.    In  this  case,  sin  t  =  1,  and  sin  »'  =  0 ;  so  that  the  accelerating  force  would  be 

Tenaion  of  the  Stvlngw— For  the  tension  of  the  string,  under  the  original  con 
ditions,  we  have,  if  W  be  the  descending  weight, 

m mr  /     •    •      M  sin  »  —  M'  sin  »*  ^» 

T  =  M(^8m. jf-p^p 9) 

▼hich  becomes  the  same  as  the  expression  for  T  in  the  last  problem,  when  sin  t  and 
nn  f^  are  each  of  them  1.  By  substituting  W  for  VLg,  and  W  for  M'y,  in  each  of  the 
foregoing  formulfe  numerical  expressions  wiU  be  obtained,  as  in  the  former  problem. 

3.  Two  weights  W,  W  are  attached,  the  latter  to  a  wheel,  and  the  former  to  its 
axle :  to  determine  their  motions. 

Let  M  be  the  mass  of  W  acting  at  the  axle,  and  M'  the  mass  of  W',  acting  at  the 
rim  of  the  wheel :  let  also  £  be  the  radius  of  the  wheel,  and  r  that  of  the  axle. 

Then  the  moving  forces  M'^,  H^  acting  at  the  distances  R,  r  from  the  centre  of 
motion,  if  £ree,  would  have  the  respective  effects  M'^  *  R,  and  M^  *  r,  which  connected 
as  they  are,  oppose  each  other.  And  if/, /be  the  actual  accelerations  of  W,  W,  the 
moying  forces,  at  the  distances  R,  r  from  the  centre  of  motion,  are  actually  M/  *  B, 
andM/-r;  so  that 
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M>-R  — M^-r=M'/R  +  M/-r    ....    (1) 
The  aooeleratioii8/',/must  be  to  each  other  as  the  radii  B,  r,  the  Yelocities  them- 
selves being  always  in  this  constant  ratio,  since  the  wheel  and  axle  both  turn  in  the 

same  time ;  therefore/'  =  -  /,  therefore 


(M'-E  —  Mr)^: 


:(M±-+Mr)/ 


the  acceleratiiig  force  of  the  ascending  weight  W. 
And  since/  ^  —/we  haye 


/  = 


M'R»— MEr 


-y 


i 

L 


M'  E^  +  Mr^ 
for  the  accelerating  force  of  the  descending  wei^t  W 
The  Velocity,  in  i  seconds,  of  the  former,  is 

^      M'Er  — Mr*   . 
*'=-^  =  M'Er  +  Mr*^ 

andthespaoe,  ,= -y]f»  =  j____^^ 

And  for  the  latter  we  hare 

^      M'E2  — MEr^ 
*^=   M'E  +  Mr^  ^ 
^       .  M'  E2  —  M  Er  ^ 
^  =  ^-M-E  +  Mr^   ^^ 

The  student  will  perceive  that  the  first  member  of  the  equation  (1),  expressing  the 
difference  between  the  moving  forces  that  would  act  if  the  weights  were  free,  is  the 
whole  amount  of  moving  force  in  actual  operation;  which  whole  amount  is  obviously 
expressed  by  the  second  member  of  the  equation. 

Znapact  ox  ZiBLpiilae.-~In  this  article  we  propose  to  consider  the  circumstances 
of  the  motions  of  bodies  moving  in  certain  straight  lines  from  the  effects  of  impulse,  and 
impinging  against  one  another. 

Let  any  specified  quantity  of  matter  be  considered  as  the  Tinit  of  mass :  if  it  be  pro- 
jected by  any  given  impulse,  it  will  move  with  a  constant  velocity  proportional  to  the 
intensity  of  that  impulse ;  this  velocity  may  therefore  be  taken  to  represent  the  magni- 
tude of  the  impulsion.  If  we  take  two  such  units  of  mass,  and  two  such  impulses  act 
on  them  simultaneously,  and  in  the  same  direction,  the  relative  positions  of  the  moving 
masses  will  be  always  preserved ;  so  that  if  the  two  units  be  blended  into  one  mass,  and 
the  two  impulses  be  thus  made  to  imite  and  form  a  double  impulse,  the  same  velocity 
will  be  impressed  on  the  compounded  mass.  And  it  is  plain  that  if  M  such  units  be 
blended  into  one  mass,  which  receives  an  impulse  M  times  the  intensity  we  have  sup- 
posed to  be  applied  to  the  single  unit,  the  same  velocity  would  still  be  impressed. 

Consequently,  when  any  body  whose  mass  is  M  moves  from  the  effect  of  an  im- 
pulse, the  correct  expression  for  the  intensity  of  that  impulse  must  heMv;  the  mass 
multiplied  by  the  velocity,  and  which,  as  before  stated  (p.  149),  is  the  momentum  of  the 
mass :  h^ice  the  momentum  measures  the  intensity  of  the  impulse. 

Collision  of  Bodioa:  Direot  Impaet.— When  two  bodies  moving  by  impul- 
sion in  the  same  straight  line  come  into  collision,  the  shock  is  called  direct  impaot. 
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Suppose  the  bodies  which  thus  impiiige  to  be  entixely  inelaitiey  or  of  siKuh  mftteriois 
that  they  are  blended  by  the  impact  into  one  mass,  our  objeot  will  be,  from  knowing 
the  mtensity  of  each  separate  impulse— that  is,  the  momentum  of  each  body— to  deter- 
mine the  momentum  ci  the  blended  mass ;  and  thence  the  dronmstanoss  of  its  motion. 
The  following  example  will  illnstrale  how  the  neoeaiary  partioalan  are  to  be  aacei^ 
tained: — 

Extui^. — ^Two  inelastio  bodiea,  whoae  masses  are  M,  M%  mare  in  the  same  stnigH 
line,  with  velocities  Py  € :  required  the  Tslodty  of  their  united  masses  after  impaot 

The  momentum  of  M  ii  Mv,  and  that  of  M',  M V  the  oombfaiatioa  of  these— 
namely,  Mv  -|-  MV,  is  the  momentum  of  the  united  maas  M  -4-  M'. 

But  if  9  be  the  Telocity  of  this  mass,  its  momentum  must  be  (M  4-  M')9| : 
to  determine  the  yelooity  «i  after  the  eoUiaion,  we  haTe  the  equation 

(M  +  MO^i  =  M»  +  MV. 


_Uv  +  M  V 
*'^-     M  +  M' 


(1). 


the  Telocity  required. 

This  result  is  on  the  supposition  that  the  bodies  are  moving  in  the  same  direotiony 
or  that  one  of  them,  M',  overtakes  the  other ;  but  if  they  are  moving  in  opposite  direo- 
tioDB  80  that  the  two  meet,  then  the  expression  for  v^  will  be 


M«  u^  M  V 

M  +  M' 


(2). 


If  Kv  exceed  MV,  then,  after  the  coUision,  the  maas  will  move  in  the  direction 
in  ▼hich  M  was  proceeding ;  but  if  MV  exceed  Mi;,  it  will  move  in  the  direction  in 
vhich  M'  was  proceeding,  aa  is  obvious. 

If  Mv  =  MV,  then  the  c(dlision,  at  meeting,  will  destroy  the  motion  of  each, 
and  bring  both  bodies  to  a  stand  still,  since  «i  will  then  be  0. 

If  one  of  the  masses  M'  be  at  rest,  then  since  9i  =  0,  the  velocity  after  impact 

^^^  -/—      My  ,«. 

'^-M+lf    •    •    •    •    P)- 

In  aU  cases,  the  momentum  after  impact  must  be  the  sum  of  the  momenta  before 
impact,  regarding  those  which  act  in  opposite  directions  as  having  opposite  signs ;  so 
that  the  momentum  lost  by  one  body,  by  the  collision,  is  exactly  equal  to  the  momentum 
gained  by  the  other.  In  the  case  (3)  above,  the  momentum  of  the  whole  mass,  after 
impact,  being  (M  +  ^y^i  =  Mv,  and  the  momentum  gained  by  M',  which  was  at 
lest,  being  M'^^,  this  most  be  the  momentum  lost  by  M.  This  loss  of  momentum  in 
K  shows  that  the.  mass  M'  opposes  a  resistance  to  the  commimication  of  motion,  and 
K'«i  expresses  the  value  of  th&t  redstanoe,  which,  as  the  mass  was  at  rest,  can  be  4ue 
only  to  the  inertia  of  the  body. 

Let  us  now  suppose  that  the  bodies,  instead  of  being  perfectly  inelastic,  are  per- 
iectly  elastic ;  and  that,  as  in  the  former  case,  they  move  so  as  to  impinge  at  some 
point  in  the  common  line  described  by  their  centres  of  gravity. 

Elastic  bodies  are  such  as  yield  to  the  force  of  impact,  and  undergo  a  compression, 
and  therefore  a  change  of  £gure :  the  elasticity  is  that  inherent  force  which  the  body 
eierts  to  recover  its  original  form. 

If  the  restoring  force  which  the  body  exerts  to  recover  its  original  figure  is  equal  to 
the  impressing  force  at  the  point  of  impact,  so  that  the  original  form  of  the  body  is 
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per&cfly  restored,  and  in  the  same  length  of  time  that  it  took  to  alter  that  form,  the 
elasticity  is  said  to  be  perfect  elasticity. 

In  the  case  of  perfect  elasticity,  whateyer  Telocity  one  body  loses  during  the  action 
of  the  compressing  force,  it  afterwards  loses  just  as  much  more  during  the  action  of  the 
restoring  force ;  and  whatever  velocity  the  other  body  gains  during  liie  compression,  it 
gains  as  much  more  during  the  restitution.  For,  at  the  end  of  the  time  occupied  in  the 
compression,  there  is  the  same  communication  of  momentum  as  in  the  case  of  inelastic 
bodies :  at  that  instant  the  bodies,  then  in  the  closest  union,  must  have  equal  velocities. 
The  force  of  restitution,  exactly  equal  to  that  of  compression,  then  acts;  and  another 
effect,  the  opposite  to  that  of  collision,  takes  place :  the  coUisiQn  brings  the  bodies 
togothex,  the  force  of  elasticity  drives  them  asunder. 

No  bodies  in  nature  are  perfectly  elastic,  or  completely  inelastic.  The  most  elastic 
suhatanc^  at  present  known  is  glass.  Newton,  by  a 
cantrivance  similar  to  that  represented  in  the  margin, 
detennlned  a  very  close  approximation  to  the  defect 
{torn  perfect  elasticity  of  several  substances.  If  two 
balla  of  the  aame  substance,  and  in  every  other  respect 
equal^  were  suspended  from  A  by  slender  threads,  and 
ea^h  kt  faU  from  equal  distances,  measured  from  the 
v«rtit;al,  on  the  graduated  arc  B  C,  they  would,  after 
collision  at  o,  each  return  to  the  point  in  the  arc  from 
whicli  it  started,  if  the  elasticity  were  perfect.  With 
ivory  balls^  the  elasticity  bore  to  perfect  elasticity  the 
ratio  of  8  to  9  ;  with  glass  balls,  the  ratio  was  15  to  16. 
From  recent  experiments,  of  a  different  kind,  Mr.  Eaton 
Hodgkinaou  has  determined  the  ratios  to  be,  for  ivory 
^81,  aud  for  glass  '94 ;  the  latter  ratio  differing  but  very  little  from  that  deduced  by 
Newton.  The  fractional  or  decimal  part  that  the  elasticity  is  of  perfect  elasticity  in  any 
flubatajieo^  m  called  the  modultM  of  elasticity  of  that  substance. 

ExampU. — Two  perfectly  elastic  bodies,  whose  masses  are  M,  M',  moving  with  veloci- 
tiea  t7,  f ',  strike  with  direct  impact :  it  is  required  to  determine  their  velocities  after- 
wards. While  the  compression  continues,  the  bodies  move  as  one  mass ;  and  theiefoie 
with  Uis  Telocity 

Mr  +  MV  „, 

^i=   M  +  M-  ......    (1) 

So  that  M  will  lose  the  velocity  v  —  Vj,  and  M'  will  lose  the  velocity  ff  —  Vj ;  and 
these  exprew  the  velocities  communicated,  but  in  opposite  directions,  by  the  force  of 
lestitutlon.     Hence  the  velocities,  after  impact,  will  be 

of  the  mass  M,       v  —  2{v  —  v^     .     .     .     .     (2) 
and  of  the  mass  M',      if  —  2{y  —  v^    .    .    .    .     (3) 
Or,  substituting  for  v^  its  value  (1),  we  have 


^^^^ 


M'(t;  —  ff) 
velocity  of  M,      v  —  2  "j^^rr^r 


velocity  of  M',      t^  —  2 


M(t/  —  t>) 


(5) 


M  +  M' 

If  each  mass  be  multiplied  by  the  velocity  it  has  after  impact,  the  sum  of  the  pro 
ducts  will  be  Mt;  -|-  MV ;  which  is  also  the  sum  of  the  momenta  before  impact :  .hence 
the  sum  of  the  momenta  after  impact  is  the  same  as  the  sum  of  the  momenta  befora 
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impact    If  we  tabtract  (3)  from  (2),  the  remainder  irill  be  i/  -^  « :  henoe  tHe  oil*  • 
ference  of  tbe  yelocitiefl  is  the  same  both  before  and  after  impact 

If  M  ^  M',  that  is,  if  the  bodies  are  perfectly  equal  in  mass,  as  well  as  perfectly 
elastic,  the  expressions  (4)  and  (5)  show  that,  after  impact,  the  bodies  will  exchange 
their  velocities,  H'  moving  with  the  yelocity  9,  and  M  with  the  velocity  i/.  Hence,  if 
one  of  the  bodies  be  perfectly  at  rest,  the  other  which  strikes  it  will  impart  to  it  its 
entire  velocity,  and  will  itself  rest  in  its  place. 

If  the  elasticity  be  imperfect,  the  foregoing  fonnulsB  will  require  modification.  Let 
0  be  the  modulus  of  elasticity  of  the  impinging  bodies,  that  is,  let  the  force  of  restitution 
after  compression  be  only  the  #th  part  of  that  of  compression :  then  the  additional 
velocity  lost  by  M  from  the  action  of  this  force,  instead  of  being  equal  to  that  lost 
directly, — namely,  p  —  9^,  will  be  only  #  (i^  —  v^) ;  and  the  additional  velocity  lost  by 
M',  only  #  (i/  —  Vj);  so  that  the  velocities  after  the  impact  will  be 

of  the  mass  M,     r  —  (1  -j-  «)  (r  —  <^i)  =  <^  —  (1  +  *)    ^^Vm> 

andoftLemassM',     i/ —  (1  +  *)  (v' —  i^J  =  i^j  —  (1  +  «)  ^^^^,^) 

The  momenta  after  impact  will  be,  for  M,  the  first  of  these  expressions  multiplied  by 
M ;  and  fbr  M',  the  second  multiplied  by  H' :  the  original  momenta  are  for  the  former, 
M«,  and  for  the  latter  M V.  Hence,  the  momentum  lost  by  one  of  the  bodies,  by  the 
impact,  is  gained  by  the  other :  for,  as  the  above  expressions  show,  this  momentum  is 


forM,     (1+.)      j^|m' 
andforM',     (1  +  ^)^^!^^ 


which  are  the  same  in  value,  but  opposite  in  signs. 

When  the  bodies  are  perfectly  elastic,  it  has  been  seen  above,  as  an  immediate  conse- 
quence of  equations  (2)  and  (3),  that  the  sum  of  the  momenta  before  impact  is  the  same 
as  the  sum  of  the  momenta  after  impact;  and  also  that  the  difference  of  the  velocities 
of  the  two  bodies  must  be  the  same  after  impact  as  before ;  that  is,  calling  the  velocities 
after  impact  Yi  and  V,  we  must  have 

MV  +  M'V'  =  Mr+MV. 
Also  V  —  V  =  «'  —  r. 

.-.    M(V  — f»)  rzMXf'-V), 
and  V  +  f»  =  «»'  +  v. 

Now,  if  we  multiply  these  two  last  results  together,  we  shall  have  the  equation 

M(V»  —  «»)  =  M'(t»'«  —  V*). 
Consequently  M  V»  +  M'  V*  z=  M«»  +  M't^. 

We  may'  therefore  conclude  that  when  the  bodies  are  perfectly  elastic,  the  sum  of 
the  products  of  each  body  into  the  square  of  its  velocity  is  the  same  both  before  and 
after  impact 

A  particular  name  is  given  to  the  product  of  a  mass  into  the  square  of  the  velocity 
widi  which  it  moves — it  is  called  the  vis  viva,  or  the  living  force;  so  that  in  the  collision 
of  perfectly  elastic  bodies  there  is  no  loss  of  vis  viva  occasioned  by  the  impact  The 
consideration  of  the  force  thus  called  the  vis  viva  enters  largely  into  certain  inquiries 
connected  with  the  motion  of  fluids. 

1.  A  ball  whose  elasticity  is  s,  strikes  a  perfectly  hard  plane, — the  raised  edge  of  a 
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IttUiMdHtahU^  for  example :  required  the  molioii  of  the  ball  after  the  impaot.    Let  AB 

be  the  straight  line  desoribed  by  the  centre  of  the 
ball  before  impact,  and  call  the  angle  ABF,  a; 
then,  V  being  the  velocity  along  A  B  0,  let  it  be 
represented  by  BC.  The  c<M^ponents  of  this 
velocity — the  one  perpendicular  to  the  plane,  and 
the  other  parallel  to  it— are  BD,  BE.  The  com- 
ponent B  E  is  not  modifiM  by  the  impact ;  but  B  D, 
C  ^'  ^A        bytheforoe  of  restitution,  is  converted  intoBD*: 

hence,  compounding  the  veloqitief  B  £,  B  B',  the  path,  and  veboity  ^i,  after  impact, 
will  be  denoted  by  Be. 

Thevelocity  Biy  i8#  X  BB'=;tfraos(i. 
The  velocity  BE  is  9  sin  a; 
because  tha  velocity  parallel  to  the  plane  is  unaltered  by  the  impact^ 

,\  Vyt  =r  («?  COB  o)*  +  (r  sin  a)*  =  f«  (f  cos*  a  +  sim  o) 
Z3f>«  (ft  cot^  a  +  1  —  cos*  a)  =  f;«  {  X  —  (1  —  «*)  cos*  a }    .     .     .     .    (1) 
For  the  direction  B  C,  after  impact,  we  have 
BD'       et 


cota'  =z-. 


-  =:  «  cot  a 


(2) 


DC  vsina 

If  the  elasticity  be  perfect,  that  is  if  0  =  1,  then,  from  (I)  and  (2),  if,  =^  9 ;  and  a' = a : 
hence,  in  the  case  of  perfect  elasticity,  the  ball  will  rebound  with  the  velocity  with 
which  it  struck ;  and  the  path  it  takes  will  make  an  angle  of  reflection  equal  to  the  angle 
of  incidence. 

But  if  the  elasticity  be  imperfect,  that  is,  if  «  be  less  than  1,  then,  from  (1),  v  will  be 
less  than  v ;  and,  from  (2),  cot  a'  will  be  less  than  eot  a ;  and  consequently  a'  will  be 
greater  than  a :  hence,  in  the  case  of  imperfect  elasticity,  the  velocity  after  impact  will 
be  less  than  the  velocity  before  impact ;  but  the  direction  after  impact  will  make  a 
greater  angle  with  the  perpendicular  than  the  direction  before  impact. 

2.  The  annexed  diagram  represents  two  bodies,  A  and  B,  impinging  ui>on  each  other 
at  the  point  0;  CD,  representing  in  magnitude  and 
direction  the  velocity  of  the  former,  and  C  D*  in  magni- 
tude and  direction  the  velocity  of  the  latter.  Let  «nn 
be  the  line  perpendicular  to  their  surfaces  at  0.  By 
the  resolution  of  velocities,  A  may  be  regarded  as 
animated  by  two  velocities,  of  which  one,  OE,  is  parallel 
to  n  m,  and  the  other,  C  F,  perpendicular  to  the  same 
line.  In  like  manner,  B  may  be  regarded  as  animated 
by  the  velocity  C E',  paralld  to  urn,  and  the  velocity 
C  F'  perpendicular  to  «  w. 

If  A  and  B,  at  the  instant  of  contact,  were  ani- 
mated solely  by  the  velocities  C  F,  C  F',  they  would 
merely  slide  one  past  the  other,  and  would  experience 
no  impact  or  shock :  the  shock  they  do  suifer  is  there- 
fore due  solely  to  the  velocities  C  E,  C  E" ;  and  even 
then,  that  any  shock  may  take  place,  the  former  velocity  must  exceed  the  latter. 

The  intensity  of  the  impact  is  the  same,  therefore,  as  if  the  two  velocities  C  E,  C  E*, 
alone  existed ;  and  the  two  bodies  will  move  as  in  the  case  of  direct  impact,  only  that 
theae  motions  wiU  be  combined  with  the  unchanged  velocities  0  F,  C  F :  we  shall 


Digitized  by 


Google 


Newton's  laws  op  motion.  169 


therefore  onlj  have  to  compotmd  the  yelocitj  of  A  in  the  directioii  n  m,  after  the  direot 
impact  spoken  of,  with  the  velocity  C  F,  perpendicular  to  urn,  in  order  to  obtain  th« 
magnitude  and  direction  of  A  after  the  shock ;  and  in  a  similar  way  are  the  magnitude 
and  direction  of  the  velocity  of  B  to  be  found. 

Note. — ^It  must  be  noticed  by  the  student,  that  what  has  here  been  taught  respecting 
the  collision  of  bodies,  concerns  only  their  rectilinear  motions — ^their  actual  advance  in 
space.  Unless  the  line  of  direction  in  which  two  bodies  strike,  pass  through  the  centre 
of  gravity  of  each,  rotation,  as  well  as  translation  in  space,  wiU  invariably  be  the  result : 
the  motion  of  translation  is  all  that  is  sought  to  be  determined  in  discussions  on  the 
collision  of  bodies ;  and  it  can  be  proved  that  this  progressive  motion  is  not  in  the 
slightest  degree  modified  by  the  rotation  of  the  impelled  body.  More  advanced 
principles  have  fully  established  the  following  general  proposition,  viz. — ^When  a  body  is 
acted  upon  by  any  impulsive  forces,  of  which  the  resultant  docs  not  pass  through  the 
centre  of  gravity,  the  body  will  have  in  consequence  a  double  motion : — 1,  the  centre  of 
gravity  wiH  move  as  if  the  forces  were  immediately  applied  to  it ;  and  2,  the  body  will 
rotate  as  if  this  centre  were  absolutely  fixed.  But  want  of  space  compels  us  to  bring 
the  present  introductory  treatise  to  a  dose :  its  object  has  been  merely  to  present  to  the 
young  student  a  clear  and  perspicuous  development  of  the  fundamental  principles  of 
Dynamics,  and  not  to  carry  him  forward  into  those  higher  and  more  imposing  applica- 
tions of  those  principles,  which  necessarily  demand  a  knowledge  of  much  more  recondite 
mathematical  theories ;  and  for  which  no  provision  has  been  made  in  the  present  series 
of  treatises. 

The  student  who  has  carefully  mastered  what  is  here  delivered — and  who  moreover 
shall  have  acquired  a  familiarity  with  the  Differential  and  Integral  Calculus — ^will,  we 
hope,  find  his  study  of  the  more  advanced  dynamical  researches  somewhat  facilitated 
by  the  previous  perusal  of  this  elementary  tract.  Before  concluding  it,  however,  it  ia 
proper  to  give  a  formal  enunciation  of  what  have  been  called  Newton's  Three  Laws  of 
Afotion:  these,  as  already  observed  at  page  130,  are  certain  dynamical  axioms,  or 
postulates,  assuming  principles  of  too  fundamental  a  character  to  admit  of  being 
rigorously  established  either  by  abstract  reasoning  or  by  experimental  proof.  In  the 
foregoing  treatise  we  have,  in  general,  tacitly  taken  these  for  granted,  in  several  special 
topics  of  inquiry :  we  have  preferred  this  course,  to  the  usual  custom  of  stating  the 
three  laws  of  motion  in  all  their  generality  at  the  outset  of  the  subject,  because  we  think 
that  their  meaning  and  applicability  cannot  be  clearly  imderstood  and  perceived,  till 
some  familiarity  with  the  language  of  Dynamics,  and  with  a  few  of  its  more  elementary 
problems,  has  been  acquired. 

The  Thzee  Lavs  of  SEotlon. — There  are  various  forms  of  expression  in  which 
Newton's  three  laws  are  delivered  by  different  writers  on  Dynamics:  the  following 
enunciation  of  them  will  perhaps  be  found  as  intelligible  as  any. 

First  Zofw. — A  body  once  at  rest,  will  remain  at  rest,  unless  acted  upon  by  some 
external  force ;  and  if  moving  in  any  direction,  will  continue  to  move  in  that  direction, 
unless  actbd  upon  by  some  external  force. 

Seeotifi  Zaw. — ^When  a  force  acts  upon  a  body  in  motion,  the  effect  of  this  action  is 
the  samf,  in  magnitude  and  direction,  as  if  it  acted  on  the  body  at  rest. 

Tkiflii  Zaw. — ^This  was  stated  by  Newton  as  follows : — "  Action  and  reaction  are 
equal  Vid  contrary ;"  that  is  to  say,  A  cannot  act  mechanically  upon  B,  without  A 
itself  leing  reacted  upon  equally,  hut  in  an  opposite  direction. 

T^  conjr  ined  effect  of  velocity,  and  the  moving  mass,  is  momentutn^  as  defined  at 
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page  149,  and  this  momentum  ia  the  dynamical  evidence  of  the  "  action"  referred  to  in 
the  law,  which  therefore  merely  affirms  that  whateyer  momentum  a  body  communicates 
in  any  direction,  that  momentum  it  loses  in  that  direction ;  or,  which  is  the  same  thing, 
it  receives  an  equal  momentum  in  a  contrary  direction.  ; 

A  great  deal  of  abstract  argument,  and  of  mechanical  contrivance  and  experiment, 
have  been  employed  to  demonstrate  the  truth  of  these  positions ;  we  have  neither  space 
nor  inclination  to  enumerate  them :  some  things  must  be  taken  for  granted,  as  funda- 
mental or  primitive  principles,  in  every  department  of  science ;  reflection  and  common 
sense,  exercised  in  the  examination  of  such  first  principles,  will  usually  produce  a 
stronger  amount  of  conviction  of  their  truth  than  persuasive  arguments  or  approximative 
experiments :  their  verisimilitude,  which  renders  it  hard  even  to  imagine  a  contraven- 
tion of  them,  must  be  accepted  instead  of  rigid  proof :  and  when  it  is  known  that  the 
results  of  the  remotest  investigations,  all  primarily  resting  on  the  truth  of  these  assump- 
tions, are  in  every  instance  verified  by  actual  experience,  the  original  or  prima  facte 
probability  of  their  correctness  becomes  elevated  into  absolute  certainty. 

We  may  remark  in  conclusion,  that  the  fundamental  principles  of  Dynamics,  and 
the  strict  mathematical  theories  and  deductions  founded  on  tiiem,  find  their  fullest 
verification  only  in  the  movements  of  the  heavenly  bodies.  Terrestrial  mechanics  is 
encimibered  with  many  considerations  operating  as  hindrances  and  drawbacks  to  the 
rigid  application  of  tiiose  theories.  Machines  of  human  contrivance  perform  their 
functions  through  the  intervention  of  rods  and  bars,  wheels  and  pinions ;  and  thus  the 
consideration  of  frictumy  an  obstacle  that  sometimes  largely  modifies  the  purely  mathe- 
matical results,  becomes  imperatively  necessary  in  practical  mechanics.  But  the 
machinery  of  the  heavens,  without  any  physical  ties  to  hold  it  together,  goes  on  in 
obedience  to  an  Almighty  Immaterial  agency ;  and  thus  the  phenomena  exhibited  are  in 
the  completest  harmony  with  the  accurate  deductions  of  mathematical  science. 

The  modifying  influence  of  friction,  in  the  ordinary  mechanical  arrangements,  wiU 
be  examined  into  in  the  treatise  on  F&actical  Mechanics. 


The  following  particidars  will  often  be  found  of  service  in  dynamical  inquixies  :— 

Force  of  gravity  in  the  latitude  of  London  6V  31'    8"  N,    32  l9iQ8  feet 

Force  of  gravity  in  the  latitude  of  Paris      48*  50'  14"  N,     32*  182^  „ 

Force  of  gravity  near  the  Equator,  latitude    O*'    1' 34"  S,     320(881  \, 

Force  ofgravity  at  Spitzbergim,  latitude     79M9' 68"  N,     32*2626    ,\^ 

Length  of  the  pendulum  beating  seconds  in  the  latitude  of  London,  39\39  inches. 

Equatorial  diameter  of  the  earth,  7926*466  geographical  miles. 

Polar  diameter  of  the  earth,  7898*972  „  \ 

A  French  metre  =  39*3708  English  inches.  \ 

A  French  gramme  ^  16*434  grains.  ^« 
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HTinosTAVOB  18  tbe  scUnee  which  trdats  of  fluids  when  kept  in  a  state  of  roft  or 
equilibrium  under  the  action  of  mechanical  forces  or  pressures.  Fluids  are  distin- 
guished  from  solid  bodies  by  obrioua  and  remarkable  peculiarities ;  and,  in  consequence 
of  these  differences,  the  statics  and  dynamics  of  the  latter  become  only  partially 
applicable  to  the  former;  so  that  the  statics  of  water,  and  the  dynamics  of  water, 
require  a  distiiict  and  separate  consideration.  These  two  diyisions  of  the  general 
science  of  mechanics,  thus  applied  exclusively  to  water,  and  such  like  fluids,  are  called 
respeotively  Sydrottatiet  and  ffpdrodsfnamies. 

To  define  &Jlmd  would  be  to  describe  exactly  what  it  is — ^its  internal  constitution, 
as  well  as  the  phenomena  peculiar  to  that  constitutioEn,  which  it  presents  to  our  senses. 
But  this  1b  beyond  our  power :  we  know  that,  in  common  with  all  material  existences 
connected  with  this  earth,  it  has  weight ;  but  that,  unUke  solid  bodies,  it  is  without 
that  cohesion  of  parts  by  which  a  solid  preseryes  its  shape  in  whatever  position  it  be 
placed,  and  ia  virtue  of  which  it  is  moved,  as  a  whole,  by  a  force  applied  only  to  a  part 

It  is  this  absence  of  cohesion  from  among  the  constituent  particles  of  a  fluid,  that 
renders  those  particles  so  fireely  moveable  among  themselves,  that  causes  them  so  readily 
to  yield  to  any  impression,  and  to  obey  the  slightest  effort  to  separate  and  detach  them, 
as  also  to  admit  of  the  passage  of  solid  bodies  through  them.  It  is  the  want  of  cohesion, 
too,  that  causes  a  fluid  to  change  the  figure  it  is  made  to  assume^  when  supported  in  a 
vessel,  as  soon  as  any  of  that  supi>ort  is  removed.  A  fluid  presses  laterally  as  well  as 
vertically ;  and,  in  consequence  of  the  lateral  pressure,  tends  to  spread  itself  honzontally 
when  left  unconstrained. 

In  all  these  particulars  it  differs  entirely  from  a  solid  body :  in  this  all  the  particles 
mutually  cohere,  and,  in  the  absence  of  violence,  maintain  their  relative  positions.  In 
a  fluid,  on  the  contrary,  they  are  entirely  free  to  interchange  situations,  and  to  move 
among  ihemselves. 

In  this  general  statement  of  the  characteristic  differences  between  a  solid  and  a  fluid, 
it  is  to  be  borne  in  mind  that  we  refer  only  to  fluids  such  as  we  find  them  on  this  earth — 
fluids  acted  upon  by  the  force  of  gravitation,  and  therefore  having  weight.  If  we  con- 
ceive a  vessel  of  water  to  be  suspended  in  space,  and  gravity  and  every  other  force  to  be 
removed,  then  the  fluid  having  no  weight,  there  would  be  no  pressure  on  the  vessel  in 
ttny  direction;  so  that  the  water  would  preserve  the  shape  of  the  vessel  even  though  the 
latter  were  removed.  In  the  absence  of  all  force  there  would  be  nothing  to  disturb  the 
original  arrangement  of  the  component  parts  of  the  fluid  mass. 

Two  Kinds  of  Flnids. — Fluids  are  divided  into  compressible  fluids  and  incom- 
pressible fluids  :  the  former  are  those  which  by  pressure  may  be  forced  to  contract  into 
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smaller  space — such  a  fluid  is  the  air  we  breathe,  and  eyery  kind  of  gas.  The  incom- 
pressible fluids  are  those  which  cannot  by  pressure  be  reduced  to  smaller  bulk.  Whether 
in  strictness  any  such  fluid  actually  eziBts,  is  more  than  we  can  say ;  because,  however 
it  might  resist  compression  from  the  mechanical  forces  at  our  command,  it  would  be 
presumptuous  to  conclude  that  compression  was  impossible.  This,  there  is  reason  to 
believe,  is  not  the  case  with  any  fli&d :  water  was  formerly  thought  to  be  incompressible, 
but  by  great  mechanical  force  it  has  in  a  slight  degree  been  actually  reduced  to  smaller 
compass.  Still  this,  and  the  other  common  Hquids,  are  so  little  compressible,  that  no 
practical  error  can  arise  from  treating  them  as  incompressible  fluids. 

They  are  also  classed  under  the  heads  of  elastic  fluids  and  inelastic  fluids:  the 
former  are  such  as  yield  to  compression,  and  upon  the  pressure  being  removed  expand 
to  their  former  bulk.  Air  and  gases  are  elastic  fluids.  Water,  and  liquids  generally, 
are  of  course  regarded  as  inelastic  (in  this  sense),  as  they  do  not  admit  of  compression 
in  any  degree  worth  notice. 

Fluid  Elasticity. — The  term  elasticity,  as  applied  to  fluids,  is  not  precisely  th£ 
same  in  meaning  as  when  applied  to  solids.  A  solid  body  is  elastic  when,  having 
yielded  to  the  force  of  a  blow,  an  equal  force,  called  the  force  of  restitution,  is  exerted 
in  the  opposite  direction,  restoring  the  body  to  its  original  figure :  there  is  no  condition 
as  to  whether  or  not  what  is  called  the  force  of  compression  actually  causes  the  body  to 
contract  into  smaller  compass.  But  as  regards  fluids,  elasticity  refers  to  their  con< 
traction  by  pressure  into  smaller  bulk,  and  their  subsequent  expansion  to  the  original 
volume  when  the  pressure  is  withdrawn.  It  is  in  this  sense  that  the  elasticity  of  fluids 
is  to  be  understood.  But  taking  the  term  with  the  signiflcation  attached  to  it  in  the 
mechanics  of  solid  bodies,  fluids  may  certainly  be  considered  as  elastic :  a  quantity  of 
water  poured  down  from  any  height  on  a  hard  substance  will  to  a  certain  extent 
rebound,  and  disperse  itself  in  spray ;  and  so  likewise  will  it  do  if  0)ured  upon  water 
itself.  A  flat  stone,  or  an  oyster-shell,  thrown  very  obliquely  on  the  surface  of  a  pool 
of  water,  vrill  also  rebound,  and  even  a  cannon-ball  will  do  the  same ;  but  in  none  of 
these  instances  is  the  fluid  compressed  into  smaller  bulk. 

Tyaiuimiflsion  of  Pressiixe.— The  fundamental  property  of  water  and  all  other 
fluids  is,  that  a  pressure  applied  to  any  part  of  its  surface  is  transmitted  equally  in  all 
directions  throughout  the  entire  volume  of  the  fluid :  this  is  called  the  principle  of 
equal  pressure,  and  may  be  proved  in  various  ways ;  for  instance,  if  a  vessel  be  per- 
forated all  round  at  any  depth,  and  glass  tubes,  however  bent,  be  inserted  in  the  aper- 
tures, and  then  water  or  any  other  liquid  be  poured  into  the  vessel,  we  And  that  when 
the  level  of  the  perforations  is  reached  the  water  presses  into  the  tubes ;  and  however 
high  we  raise  the  level  of  the  water  in  the  vessel,  to  the  same  level  it  always  rises  m 
each  tube — thus  showing  that,  on  the  same  extent  of  surfSu^a 
at  the  same  depth,  there  must  be  the  same  pressure. 

Again :  let  a  vessel  of  any  shape  be  filled  with  water,  and 
to  any  two  equal  perforations  in  its  sides  let  pistons  A,  B 
be  fitted ;  let  the  proper  amount  of.  pressure  be  applied  to  thd 
piston  A  to  keep  the  fluid  in  its  place,  and  also  the  proper 
W^^  amount  of  pressure  to  the  piston  B.  Then  it  will  be  found 
that  any  additional  pressure  applied  to  one  of  the  pistons  is 
transmitted  to  the  other;  so  that  equal  additional  pressures 
must  be  applied  to  both  pistons  to  keep  the  fluid  in  its  place,  or  to  prevent  one  of  the 
pistons  from  being  forced  outwards. 
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And  if  ihe  vessel  were  covered  with,  such  pistons,  the  same  pressure  iriU  be  trant- 
mitted  to  each  of  the  others  that  is  applied  to  any  one  of  them. 

This  very  remarkable  property  of  fluids  is  perfectly  general,  having  place  whatever 
be  the  contour  or  external  form  of  the  vessel :  if,  for  instance,  the  form  be  that  in  the 
margin,  namely,  A  B  0  E  F,  the  downward  pressure  at  B,    ^  ^  _ 

arising  from  the  weight  of  the  water  in  the  tube  A  B,  pro-^ 
duces  an  equal  upward  pressure  upon  every  portion  of 
surfiEice,  equal  to  tibe  base  of  the  tube,  between  B  and  C, 
and  between  B  and  F.  Also  the  pressure  of  the  fluid  upon 
the  base  D  E  of  the  vessel  is  the  same  as  it  would  be  if 
the  vessel  were  enlarged  to  the  form  H  E,  and  the  com- 
partments H  B,  6  B  filled  up  with  the  fluid,  the  sides  or 
partitions  B  C,  B  F  being  removed ;  for  before  the  removal 
of  these  sides  the  upward  pressure  on  B  0  is  the  same  aa 
the  downward  pressure  on  it,  from  the  weight  of  the  fluid 
afterwards  introduced  into  H  B ;  the  two  pressures  there- 
fore neutralize  one  another,  and  thus  there  is  no  additional 
pressure  sustained  by  the  bottom  of  the  vessel  D  E :  in  like  manner  is  there  no  additional 
pressure  from  the  additional  fluid  in  the  compartment  G  B. 

This  is  a  property  of  fluids  so  extraordinary,  that  it  has  been  called  the  Eydrostaiu 
Paradox;  namely,  that  the  quantity,  and  therefore  the  weight  of  the  fluid,  may  be  in- 
definitely increased,  and  no  increase  of  pressure  be  sustained  by  the  bottom  of  the 
vessel,  ^e  pressure  on  the  bottom  being  due  entirely  to  the  height  of  the  fluid,  and 
quite  independent  of  its  other  dimensions. 

Suppose  in  any  vessel  0  B,  a  solid  body  M,  as  a  mass  of  lead,  were  suspended,  then  if  a 
fluid  be  poured  in  to  fill  up  the  empty  space  about  M, 
the  pressure  on  the  bottom  of  the  vessel  will  bo  the 
same  as  if  the  mass  M  were  removed,  and  its 
place  supplied  by  additional  fluid:  the  pressures 
on  the  sides  too  of  the  vessel  must  remain 
unaltered,  whether  the  mass  M  be  of  lead  or  of  the 
fluid;  for  the  mass,  whatever  it  be,  so  that  it  be 
incompressible  by 

the     surrounding  ^. % E- ■  D 

fluid,  can  not  in 
any  way  modify 
the  pressures  ex- 
erted on  the  bottom  and  sides  of  the  vessel  when 
filled  wholly  with  the  fluid.  It  may  be  observed 
here,  that  not  only  is  the  pressure  on  the  bottom  of 
the  vessel  the  same  when  the  fluid  in  it  is  only  the 
border  of  fluid  surroimding  M,  as  when,  M  being 
removed,  it  is  quite  full,  but  the  trnffht  of  the  entire 
vessel  and  contents  is  the  same  in  both  cases,  though 
H  be  firmly  supported  by  the  beam  E — ^for  only  so 
mnch  of  M  is  thus  supported  as  is  equal  to  the  excess  of  its  weight  above  the  weight 
of  the  fluid  which  fills  up  the  space  occupied  by  M  upon  the  removal  of  that  body. 
The  pressure  of  a  fluid  on  the  base  of  a  vessel  is  no  indication  or  measure  of  the  weight 
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of  the  fluid :  the  pressure  on  the  base  A  B  is  the  same  whether  the  yessel  filled  with  the 
fluid  be  0  A  B  D,  or  £  A  B  F,  though  the  weights  are  of  course  different. 

It  thus  happens  that  by  enlarging  the  base  of  a  yesse^  and  narrowing  the  upper 
part,  or  by  narrowing  the  upper  part  only,  we  may  cause  the  pressure  of  the  contained 
fluid  on  the  base  to  exceed  its  weight  in  any  given  ratio  :-^for  instance,  if  the  yessel  be 
of  the  form  of  a  cone^  standing  on  its  base,  the  pressure  on  the  base  will  be  three  times 
the  weight  of  the  fluid  itself.  For  the  pressure  on  the  base  will  be  the  same  as 
if  that  base  supported  a  cylinder  of  fluid  instead  of  a  cone  of  the  same  height,  and  we 
know  that  the  content  of  the  cylinder  is  three  times  the  content  of  the  inscribed 
cone. 

Paradoxical  as  the  statement  may  seem,  that  the  pressure  on  the  bate  is  three  times 
the  whole  weight  of  the  fluid,  the  fact  may  be  readily  explained  on  the  principle  of  the 
equal  transmiasion  of  fluid-pressure.  If  the  hollow  cone  be  of  hieayy  metal,  and  of 
sufficient  weight  to  be  completely  water«'tight  when  merely  placed  on  the  base,  then, 
howeyer  great  this  weight  of  metal,  if  only  the  cone  be  sufficiently  high,  and  water  be 
poured  into  it  through  an  orifice  at  the  top,  the  upward  pressure  of  the  fluid  will  act 
with  greater  and  greater  intensity  against  the  interior  surface,  till  at  length  the  cone 
will  be  seen  to  rise,  forced  upwards  by  the  superior  pressure,  and  the  water  will  escape. 
This  will  be  the  subject  of  a  problem  hereafter.  Equal  pressures  upward  and  downward 
haye  no  eifect  on  the  weight. 

Hydzoatatic  Pavadox. — But  what  is  more  emphatically  called  the  hydroetotic 

paradox  is  this :— AB,  CD  are  two  stout 
boards  connected  together,  like  the  boards 
of  a  pair  of  bellows,  by  a  water-tight 
leathern  band:  if  water  be  introduced 
into  the  enclosure  through  the  pipe  P  or 
otherwise,  the  upward  pressure  of  the 
fluid  will  separate  the  boards ;  and  upon 
stopping  the  further  supply  of  water,  the 
fluid  will  stand  at  the  same  leyd  both  in 
the  tube  and  in  the  receptacle  G  B ;  so 
that  the  small  portion  of  water  in.  the 
tube  up  to  Q,  balances  or  keeps  in  equi* 
Hbrio  the  large  body  of  water  G  B,     If 
now  a  heavy  weight  be  placed  on  the 
board  G  D — a  weight  equal  to  that  of  a 
mass  of  water  that  would  fill  np  the 
space  ED  above  the  board — ^thenthe  ad- 
ditional small  portion  of  water  filling  the  tube  up  to  R  would  keep  that  weight  supported. 
If,  instead  of  water,  the  cavity  G  B  be  inflated  with  air,  by  a  person  standing  on 
C  D,  and  blowing  into  the  tube  P  Q  with  his  mouth,  the  same  effect  will  take  place ; 
the  person  may  thus  easily  raise  himself  higher  and  higher,  and  may  therefore  literally 
be  said  to  be  blowing  himself  up.     Such  a  contrivance  is  called  the  hydrostatic  bellow$^ 

All  the  phenomena  hitherto  enumerated  are  necessary  consequences  of  the  trans- 
mission of  fluid-pressure  in  all  directions.  In  the  illustration  just  given,  the  downwazd  • 
pressure  of  the  slender  column  of  water  P  Q  is  transmitted  as  an  upward  pressure  upon  ' 
every  area  equal  to  the  section  Q  of  the  entire  surface  C  D ;  and  thus  the  downward  j 
pressure  of  the  body  of  water  E  D,  or  of  the  equivalent  weight  W,  u  counterbalanced,     ! 
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Biramah**  Hydxostatio  ^eM. — ^Tlie  hydrofltatlc  bellows  is  little  more  than  a 
philosopliical  toy  for  illustratiiig  in  a  popular  and  striking  manner  that  peculiar  and 
important  property  of  fluids  by  whi(^  pressure  on  a  small  surfkce  is  communicated 
undiminished  to  every  portion,  equal  in  area,  of  a  large  surface.  Without  the  aid  of 
levers  or  pulleys  or  wheels,  or  other  such  mechanical  contrivances  for  accumulating 
and  concentrating  force,  this  fundamental  property  of  water  enables  us  to  command  as 
great  a  pressing  force  as  we  please  at  the  expense  of  as  little  applied  power  as  we  please. 
One  of  the  most  interesting  and  useful  exemplifica- 
tions of  this  is  ftmushed  by  Bramah's  hydrostatic 
press,  a  machine  the  principle  of  which  will  be  suf- 
ficiently understood  from  the  annexed  diagram, 
without  entering  into  minute  details  of  its  con- 
struction. Water  conmiunicates  with  two  cylinders 
of  metal,  as  in  the  figure :  one  of  these  cylinders  is 
.  of  considerably  larger  section  than  the  other.  "Water- 
tight pistons  A,  B  being  fitted  to  both,  any  force  or 
pressure  applied  downwards  to  the  smaller  A,  acts 
upwards  upon  the  larger  B  with  an  intensity  as 
many  times  the  applied  pressure  as  the  area  of  it  is 
contained  in  the  area  of  B ;  so  that  by  diminishing 
the  diameter  of  A,  or  by  increasing  the  diameter  of 
B,  we  may  make  the  upward  pressure  upon  B  as 
ifiany  times  the  downward  pressure  upon  A  as  we 
please.  Suppose,  for  instance,  the  diameter  of  the  cylinder  A  is  half  an  inch,  and  that 
of  the  cylinder  B  omb  foot ;  then  as  the  areas  of  circles  are  proportional  to  the  squai  es 
of  their  diameters,  we  shall  have 

(1)2 :  12? :  t  ii^pUfid  pressufe  :  rasultiog  prmtuie  £=  676  times  the  applied  pressure; 

10  that  a  pressure  of  1  cwt.  applied^to  the  piston  A  will  produce  a  pressure  of  576  cwt., 
or  nearly  29  tons,  upon  the  piston  B.  It  is  plain  that  by  means  of  a  lever,  applied  to 
the  piston-rod  A,  the  downward  pressure  may  be  increased  to  any  required  amount ; 
and,  in  fact,  by  increasing  the  disparity  in  the  diameters  of  the  cylinders,  and  using 
only  a  moderate  leverage  on  A,  the  tiUnsmitted  pressure  may  bo  made  as  great  as  the 
metal  cylinders  dan  sustain.  Something  of  this  kind,  no  doubt,  takes  place  in  nature : 
water  fbds  its  way  down  the  chinks  and  crevices  of  rocks  and  mountains,  settling  in 
whatever  cavity  within  there  may  be  to  receive  it  This  cavity  in  time  becomes  filled, 
and  a  number  of  sletider  and  irregular  columns  of  water  reaching  from  the  reservoir  to 
the  surface,  the  upward  and  lateral  pressure  of  the  reservoir  becomes  at  length  greater 
thanihe  rocky  receptacle  can  sustain,  a  rupture  takes  place  at  the  weakest  part,  and 
devastation  is  spread  around.  On  a  small  scale,  this  effect  is  actually  produced  arti- 
ficially in  mining ;  where  water-prtesure  is  sometimes  thus  introduced  for  the  purpose 
of  blasting  rocks. 

It  may  not  be  altogether  unworthy  of  notice  here  that  the  Creator  has  provided 
a  r^niarkable  preventive  for  these  destructive  effects  of  fluid-pressure  when  exerted 
through  a  high  column.  The  sap  of  trees,  extending  from  the  roots  to  the  height  of 
'8b  oJr  100  feet,  if  it  gravitated  like  the  column  of  water  in  a  Bramah's  press,  would 
rdpture  the  trunks  of  the  largest  trees ;  but  when  fiuid  is  introduced  into  very  narrow 
tabes,  an  upwalrd  force,  called  capillary  attraction,  acts  on  the  fluid  in  opposition  to  its 
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down-ward  pressure ;  and  it  is  this  foroe  which  sustains  the  sap  in  trees,  and  neutralises 
the  downward  pressure  of  the  fluid. 

Explanation  of  Teims. — ^In  the  treatise  on  lyjniamios  (page  149)  the  meaning 
of  the  term  mass  was  explained,  and  the  distinction  shown  between  it  and  weight.  The 
weight  or  pressure  produced  by  a  mass  M  under  the  influence  of  gravity  may  be  denoted 
thus,  namely,  W=  Ify.  But  in  applying  this  notation,  care  should  be  taken  to  preserre 
consistency  of  meamng  between  the  two  members  of  the  equation.  M  should  be  re- 
garded as  so  many  units  of  mass,  just  as  in  Djmamics  i  is  reg^arded  as  so  many  units  of 
time :  the  imit  of  mass  may  be  arbitrarily  chosen ;  and  whatever  it  be, 

one  unit  of  mass  X  ^  =  weight  of  the  xuiit ; 
so  that  here  ff  is  not  to  be  regarded  as  the  symbol  for  the  accelerating  foroe  of  gravity, 
but  for  the  toeipht-foree — ^the  force  which  gives  to  the  mass  M  its  weight  or  pressure  ; 
and  employing  M  as  an  abstract  number,  namely,  the  number  of  units  of  mass,  we  have 

1  X  ^  =  weight  of  the  unit  of  mass ; 
that  is,  in  the  present  inquiry,  ff  stands  for  the  following  efiect— namely,  the  weight 
impressed  by  gravity  on  the  unit  of  mass.  This  is  a  definite  and  perfectly  intelligible 
measure  of  the  effect  of  gravity  as  a  statical  force ;  with  the  acceleration  produced  by 
it  we  have  here  no  concern ;  and  when,  as  in  the  current  works  on  this  subject,  it  is 
said,  "  let  M  represent  mass,  and  g  the  accelerating  force  of  gravity,  and  wo  shall  have 
W  =  M^,"  the  language  is  calculated  to  mislead  the  student  into  the  supposition,  that 
the  mass  of  a  body  is  the  32nd  part  of  its  weight,  which  is  of  course  an  absurdity :  the 
term  accelerating  fbrce  should  never  be  employed  in  any  statical  inquiry,  as  it  is  un- 
intelligible without  reference  to  motion :  the  effect  of  tiie  influence  bo  called  is,  in 
statics,  continued  but  stationary  pressure  or  weight,  and  nothing  else. 

In  order  to  estimate  the  mass  or  quantity  of  matter  in  any  body,  it  is  necessary— as 
in  all  other  oases  of  measurement — to  have  reference  to  some  conventional  standard,  as 
the  unit  of  measure ;  accordingly,  by  general  consent,  the  mass-unit  is  the  quantity  of 
matter  contained  in  the  volume-unit  (a  cubit  foot,  or  cubic  inch)  of  distilled  water  at  a 
certain  temperature.  Oonsequentiy,  ff  stands  for  the  weight  of  a  cubic  foot  or  inch,  as 
may  be  agreed  upon,  of  distilled  water :  as  the  cubic  foot  weighs  just  1000  ounces,  this 
is  the  unit  to  be  preferred,  so  that  the  expression  W  =  Mff  impHes  that  if  we  take  the 
number  of  cubic  feet  in  a  body  of  distilled  water  containing  the  same  quantity  of 
matter  as  (and  therefore  of  the  weight  of)  W,  then  1000  oz.  multiplied  by  that  number 
will  give  W,  the  multiplying  number  being  all  that  is  represented  by  M. 

If  a  body  contain  D  times  as  much  matter  as  a  body  of  distilled  water  of  equal 
volume,  the  former  is  said  to  have  D  times  the  density  of  water,  so  that  the  density  of 
water  being  taken  =  1,  that  is,  being  taken  for  the  imit  of  density,  D  will  denote  the 
density  of  the  body :  hence,  if  Y  be  the  volume,  or  rather  the  number  of  cubic  feet  in 
the  body,  DY  will  be  the  number  of  cubic  feet  in  its  equivalent,  as  to  quantity  of 
matter,  of  water ;  and  therefore 

W  =  M^  =  DYir    ....    (1) 

Also  if  a  body  weigh  S  times  as  much  as  a  body  of  distilled  water  of  equal  volume, 
the  tpeeijie  gr<mty  of  the  former  is  said  to  be  S.  By  the  specific  gravity,  therefore, 
of  any  substance,  is  simply  meant  the  ratio  of  the  weight  of  any  volume  of  it,  to  the 
weight  of  an  equal  volume  of  distilled  water. 

Both  the  density  and  specific  gravity  of  any  substance  are  expressed  by  the  same 
abstract  number :  thus  the  density  of  mercury  as  compared  with  distilled  water  is  14, 
its  specific  gravity  also  is  14 ;  but  the  density  refers  entirely  to  the  mass,  the  speoifio 
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gnvitytothe  weight:  M  there  is  U  times  m  much  matter  in  a  cohio  foot  of  meieury  as 
in  a  cubic  foot  of  distilled  water,  the  denritj  of  the  foniier  is  14  times  thai  of  the  latter; 
and  since,  as  a  consequenoe  of  this  superior  density,  a  ouhio  foot  of  mercury  is  14  timet 
uhe&Yj  as  a  cubic  foot  of  dirtilled  water,  the  specific  gravity  of  meionry  is  14  also. 
Hence,  W  and  Y  denoting  weight  and  volume  as  beibce,  we  have 

W  ==  SVy  (j  rz  one  thousand  ounces)    .    .    .    •    (2) 
Inteipvetntioii  of  Symbols. — From  the  ezplsaations  now  given,  it  wiU  be  per- 
ceived  that  the  symbols  to  be  hereafter  employed  have  the  following  significations, 
namely : — 

M  =  the  hunger  of  cubic  feet  in  a  body  of  water  containing  tha  same  quantity  of 

matter  (and  therefore  of  the  same  weight)  as  the  body  proposed* 
y  =  the  number  of  cubic  feet  in  the  body  proposed. 
D  =  the  number  by  which  a  volume  of  water  must  be  multiplied  to  give  tha  same 

quantity  of  matter  as  is  contained  in  an  equai  volume  of  the  proposed  body. 
S  =  the  number  by  which  a  volume  of  water  must  be  multiplied  to  give  the  same 
weight  as  an  equal  volume  of  the  proposed  body.    Hence,  D  and  8  are  the 
same  abstract  numbers,  but  the  former  refers  to  quantity  of  matter,  and  the 
latter  to  weight 
f  =  1000  oz.  avoirdupois :  the  weight  or  pressure  communicated  by  gravity  to  a 

cubic  foot  of  distalled  water,  at  a  temperature  of  60**  Fahrenheit. 
All  these  symbols,  except  the  pressure  or  weighty  produced  by  gravity,  are  abstract 
numbers:   the  symbol  W  is  of  course  the  concrete  quantity  weight,  as  in  common 
language.    And  weight— including  under  this  term  both  pressure  and  tension — ^is  the 
only  concrete  magnitude  with  which  we  have  to  do  in  Statics. 

Fluid  PzeasurM.— 1.  When  a  fluid  is  at  rest,  its  upper  sur&ce  is  horisontaL 
Let  P,  Q  be  any  two  points  in  the  upper  surface  of  a  fluid  at  rest,  and  the  vertical 
lines  P  A,  Q  B  be  drawn,  A  B  being  a  hoiisontal  line 
of  particles  of  the  fluid.  Then  as  A  B  ii  in  equilibrio, 
the  pressures  on  the  extremities  A,  B  in  the  horisontid 
direction  must  be  equal;  but  the  pressuro  on  A  in  the 
direction  A  B  is  the  same  as  the  vertical  pressure  of 
the  column  of  particles  P  A,  and  the  pressure  on  B  in 
the  direction  of  B  A  is  the  same  as  the  vertical  pressure  of  the  cdunm  of  particles  Q  B. 
But  these  pressures  are  equal;  therefore  the  column  of  particles  PA  ii  equal  to  the 
column  of  particles  Q  B ;  that  is,  the  points  P,  Q  are  equally  distant  firom  the  horizon- 
tal line  A  B,  and  are  therefore  themselves  in  a  horizontal  line ;  and  in  the  same  way 
is  it  shown  that  any  two  points  on  the  upper  surface  are  in  a  horizontal  line,  and 
therefore  that  the  entire  surface  is  a  horizontal  plane.  It  ii  evident,  too,  that  if  A  B  be 
the  upx>er  surface  of  a  fluid  sustaining  a  lighter  fluid  that  does  not  mix  with  it,  the 
separating  surface  A  B  will  be  horizontal ;  for,  from  what  is  shown  above,  every  point  of 

A  B  is  pressed  alike. 

It  must  be  observed,  that  what  are  called 
vertical  lines,  are  lines  perpendicular  to  the  surfuje 
of  the  earth;  and  the  upper  surface  of  a  fluid,  here 
shown  to  be  perpendicular  to  these  verticals,  will 
therefore  be  a  surfisuse  parallel  to  that  of  the  earth — 
4    ^herical  surftuse :  but  it  is  customary  to  call  but  a  small  portionof  such  a  large  surfieuM 
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It  ia  upon  thu  property  of  finidfl  that  the  Tahie  of  lereUing  iiutnimeiits  depends; 
that  is,  inBtrumentfl  which  serve  to  eOioir  whether  or  not  any  two  points  are  at  the  same 
horizontal  level.  The  common  level  consists  of  a  bent  tube  (as  in  previous  page),  open 
at  the  ends,  which  are  turned  up.  The  tube  is  nearly  filled  with  a  fluid,  generally  mer^ 
cury,  which  supports  two  floats  bearing  sights,  with  a  slender  wire  across,  the  wires 
being  at  equal  distances  from*  the  floats.  When  held  in  the  hand,  the  two  sur&ces 
bearing  the  floats  are  necessarily  horizontal,  however  the  tube  itself  may  be  inclined ; 
and  consequently  the  two  wires  are  always  in  the  same  horizontal  plane ;  also  what- 
ever other  objects,  seen  through  the  sights,  may  be  on  the  same  level  as  the  wires,  must 
likewise  be  in  the  same  horizontal  plane,  or  on  the  same  level. 

2.  The  pressure  perpendicular  to  a  sur&oe  immersed  in  a  fluid  is  equal  to  the 
weight  of  a  column  of  the  fluid  whose  base  is  the  area  A  of  the  sur&ce,  and  whoee 
altitude  is  the  perpendicular  depth  of  the  centre  of  gravity  of  the  surface. 

For  let  the  vertical  length  of  any  linear  column  of  particles  pressing  on  the  surface 
be  01,  and  the  point  of  the  surface  pressed  be  P^.  Regarding  this  point  as  a  small  area, 
we  have  for  the  pressure  or  weight  of  the  column,  B^Pia^,  S  being  the  specific  gravity 
of  the  fluid.  In  like  manner,  for  another  vertical  column  of  length  %,  pressing  on 
another  point  P,,  we  have  S^PjO, ;  and  so  on.  Hence,  the  whole  pressure  perpen- 
dicular to  the  surface  is 

S^(Pi«i  +  Pa«2  +  P8«a+    .    .    .    .) 

But  if  G  be  the  depth  of  the  centre  of  gravity  of  the  assemblage  of  points  P^,  Pj*  ^a» 
Ac.,  that  Ib,  of  the  proposed  snr&ce  A,  then  by  Statics, 

Pl«l  +  P2^  +  I*3«S+      ....      =*(Pi  +  Pa  +  P3+      .      .      .)0 

.'.  Pressure  perp.  to  the  surfitce  =  SAG .  g 
where  AG  is  the  volume  Y  of  a  column  of  fluid  of  base  equal  to  the  area  A  and  height 
G;  so  that  W  =s  SY^  (page  lfi7).  Hence,  if  a  given  area  A,  immersed  in  a  fluid, 
revolve  round  its  centre  of  gravity,  the  pressure  perpendicular  to  its  surface  must  be 
the  same  in  every  position.  Also  if  the  area  be  a  rectangle,  the  pressure  upon  it,  when 
it  forms  the  bottom  of  a  vessel,  will  be  double  the  pressure  upon  it  when  it  forms  one 
of  the  vertical  sides ;  so  that  the  pressure  upon  the  four  sides  of  a  eubical  yessel  flUed 
with  liquid,  is  equal  to  twice  the  pressure  on  the  base,  that  is,  to  twice  the  weight  of 
the  fluid. 

If  the  ndes  of  a  vessel  filled  with 'fluid  are  all  rertical,  the  entire  pressure  on  the 
sides  is  equal  to  the  weight  of  a  column  of  the  fluid  whose  base  is  the  rectangle  fanned 
by  developing  the  sides  into  a  plane,  and  whose  height  is  half  that  of  the  fluid. 

By  means  of  the  preceding  proposition,  it  is  easy  to  find  the  amount  of  pressure 
sustained  by  a  rectangular  dam,  or  by  a  pair  of  flood-gates.  If  we  multiply  the  area  of 
the  dam,  or  flood-gate,  by  half  the  depth  of  the  water,  we  shall  haye  the  Tolume  of 
water  the  weight  of  which  will  be  the  pressure.  For  example :  let  the  water  be  8  feet 
deep,  and  the  breadth  of  the  flood-gate  6  feet;  then  the  area  of  the  sorfiuse  prosaed  ia 
48  feet :  hence, 

48  X  4  =  192  cubic  feet  of  water  =  12000  pounds  =  5^  tons. 

Since  the  centre  of  gravity  of  a  straight  line  is  at  its  middle  point,  if  two  straight 
lines  «!,  0}  be  placed  vertically  in  a  fluid,  the  upper  extremities  of  each  being  on  Ibe 


•l  5   < 


2 


surface,  then  pressure  on  a^ :  pressure  on  o^  : 

that  Ib,  the  pressores  ftre  as  the  squares  of  the  lengths.    But  if  the  lines  are  indinefl  to 
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the  suriace  of  the  fluid  at  the  angles  «i,  02  refpectiyelyi  tiie  pwpendicnlar  depthf  of  tha 
centre  of  grayity  are  * 

|«i  ain  «i,  and  ^  rin  a,. 
The  pwiuM  are  tharafaw  aa 

Ox  X  K  »a  aj :  Oj  X  K  »a  a„ 
or  as  01^  sin  a| :  0}^  sin  a, ; 

that  is,  as  the  sqtUDM  of  the  lines  into  the  sines  of  the  angles  of  inclination,  or  as  the 
aquares  of  ^e  lines  themsehres  if  the  inclinations  are  equal. 

If  a  triangle  be  immened  at  any  inclination  in  a  fluid,  with  its  rertez  downvaxd 

and  its  base  horizontal,  and  at  the  surface  of  the  fluid,   ^ r^ 

then  the  pressures  on  any  two  lines  D  E,  F  G,  the  one 
aa  distant  from  the  base  as  the  other  is  ^m  the 
vertex,  wiUbeequaL 

For  draw  0  M  bisecting  A  B,  and  therefore  bi- 
aeeting  the  parallels  DE,  F O  in  m  and  n. 

Kow  the  pressures  onDE,FOareasDE.  Mm : 
FG.Mm;  iSiatis,  asD£.Gfi:FG.C«n.  ButCn: 
Cm  : :  F  G  :  D  £ ;  hence  l&e  pressures  are  as  B  £  . 
FG.FG.BE;  tiiat  is,  they  are  equal 

If  the  triangle  be  reversed,  G  being  at  the  mjx&ice 
of  the  fluid,  ^}ie  student  may  easily  proye  that  the 
pressures  on  any  two  parallels  are  as  the  squares  of  those  parallels,  or  as  the  squaiea  of 
their  depths. 

3.  If  one  of  the  sides  of  a  Teasel  filled  with  fluid  be  a  rectangle,  and  if  this  rectangle 
be  divided  by  a  diagonal  into  two  triangles,  then  the  pressure 
on  one  triangle  will  be  double  that  on  the  other. 

For  let  A  B  C  D  be  the  rectangle,  and  A  0  a  diagonal. 
LetAE  bisect  DC,  andCF,  AB;  and  take  Em  =  JEA, 
and  Fn  =  }FC :  then  tn  and  n  are  the  centres  of  gravity 
of  the  two  triangles.  The  depths  of  these  centres  are  to  one 
another  as  E«n :  Gn;  that  is,  as  | :  f,  or  a6  1 :  2 ;  and  as  the 
areas  of  the  two  triangles  are  equal,  therefore  Uie  pressures 
upon  them  are  as  1  :  2. 

4.  Pboblem. — To  divide  the 
preceding  rectangle,  by  lines 
parallel  to  the  base,  into  n  rec- 
tangles, so  that  the  pressure  on  each  may  be  the  same. 

Let  E  B  be  the  lowest  rectangle ;  then,  since  the  centre 
of  gravity  of  a  rectangle  is  its  middle  point,  the  depth  of 
the  centre  of  gravity  of  A  G  is  JD  A,  and  of  that  of  E  G, 
IDE.  The  pressures,  therefore,  oh.  these  rectangles  are  as 
DA  X  4DA  :  DE  X  iDE,  or  as  DA«  ;  DE«. 
But  the  pressure  on  A  G  is  divided  into  n  equal  pres- 
snres,  and  the  pressure  on  E  G  into  n  —  1  equal  pressures : 
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KA  =  DA  — DErrDA  {1  — JlrJLl 


I^  for  instance,  the  rectangle  ia  to  be  divided  into  two  rectangles,  so  that  the 
pressure  on  each  may  be  the  same — that  is,  half  the  whole  pressure— -then  since  it  =:  2, 

DE=:-i-2i)A  =  tDAi/2. 

.It  appears  from  this  proposition,  that  in  constructing  a  flood-gate,  or  an  upright 
embanlmient,  to  resist  the  pressure  of  water  against  it,  it  is  unnecessary  to  make  the 
material  equally  strong  throughout ;  the  proper  degree  of  strength  being  secured  at  the 
bottom,  where  the  pressure  is  greatest,  the  strength  upwards  may  be  diminished  in  the 
proportion  of  BA^  to  DE*;  that  is,  the  strength  may  decrease  as  the  square  of  the 
depth  decreases. 

Piu)BLEif. — ^To  determine  the  pressure  upon  tlie  internal  surface  of  a  hollow  sphere 
filled  with  fluid. 

The  centre  of  gravity  of  the  sur&ce  pressed  is  at  the  centre  of  the  sphere,  so  that 
the  distance  of  the  centre  of  gravity  from  the  sur&ce  of  the  fluid  is  the  radius  r.  The 
area  of  the  surface  of  the  sphere  is  iwr^,  where  w  stands  for  3*1416 :  hence,  the  pressure 
is  the  same  as  that  of  a  cylindrical  column  of  the  fluid  of  base  ^wr*  and  altitude  r. 

If  S  be  the  spedfic  gravity,  the  weight  of  this  column  of  the  fluid  is  4«r«S^ ;  but 

the  volume  of  the  sphere  is  q**^}  &Qd  therefore  the  weight  of  the  contained  fluid  is 

^-iir^.     Hence  the  pressure  on  the  internal  surface  of  the  sphere  is  three  times  {he 

weight  of  the  contained  fluid. 

If  a  cone  have  its  base  equal  to  the  surface  of  the  sphere,  and  its  altitude  equal  to 
the  radius  of  the  sphere,  the  pressure  on  the  base  of  the  cone  wiU  be  the  same  as  that  on 
the  surface  of  the  sphere,  when  both  are  filled  with  the  same  fluid  (page  164). 

Tboblem. — To  determine  the  pressure  on  the  horizontal  base  of  a  vessel  containing 
different  fluids. 

Let  EF,  G  H,  J E,  be  the  surfaces  of  the  different  fluids;  these  surfaces  are  all 
horizontal  (p.  167).  LeitPf  Pi,  />»  Pz^  he  the  perpendicular  depths  of  the  several  layers 
>  ,  of  fluid  JC,GK,EH,AF,andS,  Si,Sj,S,their 

" "^'''^'^'TBHBr       respective  specific  gravities :  then  the  pressures  ol 

jlKg^m        these  several  layers  on  the  base  D  0  will  be, 


t 


DC.pSg,  DC  .pfiyff,  DC .p^B^y  CD .^383^ 

and  consequently  the  whole  pressure  on  the  hi 

c^MMJgfl^^W         ^rillbe 


^^_^^^  DC  (pS  +pfij^  +p^B^  4  pfi^), 

«2sss44=3-k^«^Mr-  that  is,  the  pressure  on  the  base  is  found  thus: 

^ multiply  the  area  of  the  base  by  the  sum  of  the 

D  ^  products  of  the  perpendicular  thidmess  of  each  fluid 

into  its  specific  gravity :  the  number  of  cubic  feet  in  the  result  will  be  the  number  of 
lOOO  ounces  of  pressure. 

If  the  depths  of  the  several  layers  of  fluid  are  all  equal,  then  the  pressure  on  the 
base  will  be  DC  .p  (S  +  Sj  +  S,  +  S3)  ^ 

so  that  if  we  multiply  the  area  of  the  base  by  the  perpendicular  height  of  one  of  the 
layers  of  the  fluid,  and  the  product  by  the  sum  of  the  specific  gravities,  the  result  will 
be  the  number  of  1000  ounces  of  pressure. 
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Bsfomple.^A  cylindrical  TesBel  is  filled  with  mercury  to  half  its  height,  and  the 
remainder  is  then  filled  with  water.  Supposing  the  specific  gravity  of  mercury  to  be 
14,  required  the  pressure  on  the  base,  and  on  the  ooncaye  perpendicular  surfsoe. 

Let  a  be  the  height  of  the  cylinder,  and  r  the  radius  of  its  base :  then  the  area  of 
the  base  of  the  cylinder  will  be  irr",  and  since  S  =  14,  and  Si  =  1,  we  shall  have  for 
the  pressure  on  the  base 

»r»  .  Jfl  (14  +  1)  1000  o«.  =  y  irf««  X  1000  ox. 

The  pressure  on  the  concave  surface  of  the  lower  half  of  the  vessel  is  the  same  as  if 
the  water  in  the  uppa:  half  were  removed,  and  a  column  of  mercury  i^th  as  high  sub- 
stituted in  its  stead,  making  the  height  of  the  entire  column  of  mercury  (i  -|~  M^ 
Hence,  the  area  of  the  lower  half  of  ihe  concave  surface  being  2*^0,  and  the  depth  of 
the  centre  of  gravity  of  it  la  +  ^  =  fa,  we  have  for  the  pressure  on  that  surface 
2nrja .  fa .  14^  =  4iira"  X  1000  oz. 
The  pressure  en  the  upper  half  of  the  surface  is  2wria .  ioff  =  iirra^y :  therefore  the 
whole  pressure  on  the  concave  surface  is  4TraV  +  i»ra*g  =  V«*'«'  X  1000  o*. 

Or  the  pressure  on  the  ooncaye  surface  may  be  found  thus : — ^remembering  the 
fundamental  principle,  that  a  pressure  exerted  on  the  surface  of  a  fluid  is  transmitted 
in  all  directions. 

Pressure  on  lower  half  of  cylinder  by  the  mercury  alone, 

2irria.JaX  14^ 
Pressure  of  the  water  on  the  surface  of  the  mercury, 

2«ria.|a  X  Iff 
Pressure  of  the  water  on  the  upper  half  of  the  cylinder, 
2iria.Jaxly 

17  17 

Sum  of  the  pressures,  ^  vra^g  =  7"*^'  X  1000  oi. 

In  if  similar  manner  may  the  united  pressures  of  layers,  equal  or  unequal,  of 
different  fluids  be  always  ascertained :  the  bottom  layer  exercises  its  own  pressure,  and 
this  is  increased  by  the  weight  of  the  whole  superincumbent  mass  :  the  second  layer  in 
like  manner  exercises  its  own  pressure,  increased  by  the  weight  of  the  mass  above  it; 
and  so  on. 

PnoBiiSic. — ^A  hollow  cone  rests  with  its  base  on  a  smooth  horizontal  plane,  and 
water  is  poured  in  at  the  top.  How  high  wiU  the  water  rise  beifore  it  lifts  the  cone  off 
its  support  and  escapes  ? 

As  the  water  rises  in  the  cone,  it  exercises  an  upward  pressure  on  its  slant  sides^ 
which  increases  as  the  perpendicular  height  of  the  fluid  in- 
creases ;  and  as  soon  as  this  upward  pressure  becomes  equal 
to  the  downward  pressure  or  weight  of  the  conical  shell,  the 
equilibrium  is  just  maintained,  and  no  more  water,  that  is, 
no  more  upward  pressure,  can  be  sustained  by  the  cone, 
which  will  therefore  be  lifted  up,  and  give  egress  to  the 
water :  we  have  therefore  to  find  the  height  of  water,  the 
upward  pressure  of  which  is  just  equal  to  the  weight  of 
the  cone.  

The  upward  pressure,  thus  just  balanced  by  the  weight  **  *" 

of  the  cone,  would  be  equally  balanced  if  a  cylinder  on  the  same  base,  and  of  the  i 
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•Idtade  as  liie  Mrater,  wete  to  suzround  the  cone,  and  the  vacant  space  to  be  filled  with 
the  fluid.  Thus  if  B  £  were  the  height  of  the  water,  and  if  a  cylinder  H  I)  were  to 
surround  the  cone,  and  the  space  H  F  0  to  be  filled  with  water,  the  downward  pressure 
or  weight  of  the  water  in  this  space  would  replace  the  weight  of  the  cone,  so  that  the 
equUibiluni  would  Mmain  undisturbed  if  the  cone  were  withdrawn ;  we  haye  therefore 
to  determine  the  height  B  E  of  the .  cylinder,  so  that  the  weight  of  wuter  contained 
between  it  and  the  oone  may  be  exactly  equal  to  the  weight  of  the  cone. 

LetAB  =  a,  BC=zb,  A£  =  «:  then  the  yolume  of  the  cone  A  0  D  is  iwH^a;  and 

the  volume  of  the  ooneAFG,  being  to  that  of  A  C  D  as  «>  to  «',  is  iwi^u,  ^:  heme 

the  Tohime  of  water  in  the  frustum  F  D  is 

volume  of  water  in  F  D  =:  Jx^a  (1  —  ^) 

weight  of  the  some         =  ^ir^'a  i^-^gk)  ^  '  *  -  0) 
the  spedflc  gravity  of  the  fluid  being  1. 

Also,  if  the  oone  were  removed,  the  volume  of  water  in  the  cylinder  H  D  would  be 
volume  of  watw  in  cylinder  =  «r^(a  •—  a) 
weight  of  the  same  =  ir^(a  —  x)  ff  ,  .  .  (2) 

Hence,  subtracting  (1)  from  (2)  we  have  for  the  weight  of  water  between  the 
cylinder  and  cone,  that  is,  for  the  upward  pressure  of  the  water  in  the  cone  on  its  aiSiea, 

upward  pressure  on  cone  =  ir*V  {(«  —  *)—  i«Cl  —  %)} 
H  therefore,  the  weight  of  the  cone  be  «>,  we  shall  have  to  solve  the  cubic  equatioa 

W        >  —  3a2«  +  2<i»  =  ?*!!? 

or       (i)3>,(|)+,  =  ^^ 

The  upward  pressure  of  the  fluid  compels  an  equal  pressure  downwards  on  the  base ; 
the  water  in  the  cavity  between  the  cone  and  cylinder  is  just  sufficient  to  balance  the 
upward  pressure,  or  to  replace  the  resistance  of  the  sides,  the  pressure  on  the  base 
remaining  undisturbed;  and  it  is  thus  that  the  base  of  the  cone  supports  not  only  the 
water  in  it,  but  also  an  amount  of  pressure  equal  to  the  weight  of  the  additional  water 
between  the  cone  and  cylinder. 

In  any  vessel  containing  fluid,  where  all  the  vertical  pressures  are  downwards — ^that 
is,  where  the  sides  do  not  any  of  them  incline  inwards — the  sum  of  the  vertical  pressures 
must  be  equal  to  the  weight  of  the  fluid.  For  every  yertical  line  of  particles  presses 
downwards  with  the  weight  of  those  particles;  so  that  the  whole  vertical  pressure  is 
the  whole  weight  of  the  fluid. 

The  pressure  is,  there&re,  the  same  as  it  would  be  if  the  fluid  were  to  become  solid, 
and  the  sides  of  the  vessel  to  be  removed;  and  the  effect  is  the  same  as  if  the  entire 
piessore  or  weight  were  concentrated  in  the  centre  of  gravity. 

The  horizontal  pressure  at  any  depth  is  of  course  the  same  all  round  the  vessel  at 
that  d^th,  the  pMssove  ^f  every  horisontaliine  of  particles  being  equal  to  the  pressure 
of  a  yertical  line  of  particles  reaching  from  the  surface  to  the  horizontal  line.  The 
downward  vertical  pressure  on  the  bottom  of  a  vessel  can  exceed  the  weight  of  the  fluid 
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oantaxQod  in  the  Tewel  only  when  one  or  more  of  ite  ndei,  or  a  portumof  a  aide,iDoliiMe 
inwards^  oocaoomng  an  upurard  preaiure,  which  leaota  downward!  on  the  base,  the 
exoew  of  the  preeyuie  on  which,  above  the  weight  of  the  fluid,  is  Juat  eqnal  to  thia 
additioI^^  preavure;  and  the  Tertical  pretaure  on  the  bottom  can  fall  ehort  of  the  weight 
of  the  fluid  in  the  vefliel  00I7  when  a  aide,  or  portion  of  a  lide,  iaolinea  outward, 
oocaaioQing  a  downward  preeanre  on  that  aide.  The  whole  downward  premure  on  the 
aides,  toijetber  with  that  on  the  base,  makea  up  the  weight  of  the  fluid. 

Take,  for  example,  the  case  of  a  common  decanter :  the  preaaure  at  any  point  C  ia 
ia  Iha  direction  of  the  straight  line  perpendioular  to  the  aurfiMe.  Thia  may  be  decom- 
poaed  into  two  preaaurefl,  of  which  one  0  B  ia  horizontal,  and  the  other  C  F  Tertical : 
thiji  laat  preeaure  being  directed  upwarda  in  the  figure,  if  the  point  C  had  been  near 

to  the  bottom,  it  would  have  been  directed  downward,  on  account  

of  the  cuxrature  there  being  in  a  contrary  direction.     If  we  ^W  ft        ^fc 

conceive  the  pressure  at  every  point  of  the  interior  suifiaoe  of  the  ^    | 

decanter  to  be  decomposed  in  like  manner  into  a  horisontal  and  ^L    f 

vertical  pressure,  there  will  be  a  series  of  horiaontal  pressures  y^^^jT .— .  \^ 
like  C  E,  and  a  series  of  vertical  pressures  like  0  P.  The  hori-  ^-^^-^^^^ 
zontal  components  mutually  destroy  one  another ;  otherwise  the 
decanter  would  tend  to  move  horicontally,  which  is  not  the  case. 
Of  the  vertical  components,  some  are  upward  pressures  and  the 
others  downward  pressures :  they  may,  therefore,  be  replaced  by 
a  single  vertical  force,  which  will  act  upward  or  downward,  according  as  the  component 
vertical  forces  upward  or  downward  prevail.  (Statics,  p.  72.)  If  this  simple  resultant 
pressure  act  upward,  the  pressure  on  the  bottom  of  the  decanter  wiU  exceed  the  weight 
of  the  liquid,  because  the  downward  pressure  on  the  bottom,  minut  this  upward 
pressure,  must  be  equal  to  the  weight :  on  the  contrary,  if  the  resultant  be  a  down- 
ward pressure,  then  because  the  downward  pressure  on  the  bottom,  plus  this  other 
downward  pressure,  is  equal  to  the  weight,  the  pressure  on  the  bottom  will  be  less  than 
the  weight. 

P&OBLEX. — ^To  determine  the  resultant  of  all  the  pressures  of  a  fluid  upon  the 
surface  of  a  body  immersed  in  it. 

Instead  of  the  immersed  body  C,  conceive  the  fluid  it  displaces  to  become  solidifled : 
the  surrounding  pressures  will  keep  the  solidifled  fluid  at  rest,  just  aa  if  it  were  in  its 
original  state.  But  for  these  pressures,  the  mass  would  fall  downwards  i^  virtue  of  its 
weight :  the  resultant  of  the  pressures,  therefore,  just  balances  the  weight,  and  acts  in 
a  direction  opposite  to  that  of  gravity ;  that  is,  vertically  upwards  through  the  centre 
of  gravity  of  the  mass.  And  as  the  surrounding  fluid  exerts  the  same  pressures,  what- 
ever  be  the  body  whose  surface  is  pressed,  it  follows  that  the  resultant  of  the  pressures 
on  the  surface  of  any  solid  body  is  equal  in  intensity  to  the  weight  of  the  fluid  displaced 
by  it,  and  is  directed  vertically  upwards  through  the  centre  of  gravity  of  the  fluid 
displaced* 

When  the  solid  floats  at  rest,  the  weight  of  the  fluid  displaced  is  equal  to  the  weight 
of  the  solid ;  and  the  oentre  of  gravity  of  the  solid  and  that  of  the  displaced  fluid  are  in 
the  same  vertical  line, 

For  the  pressure  of  the  fluid  on  the  portion  of  surface  immersed,  and  the  weight  0 
the  aolid,  are  the  only  forces  acting  t  hence,  as  the  body  is  at  rest,  the  resultant  of  the 
pressures  on  it  n^ust  be  equal  and  opposite  to  the  downward  pressure,  or  weight,  of 
the  body,  and  act  in  the  same  vertical  straight  line.    But  since,  aa  just  shown,  the 
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resultant  of  the  pressurefl  (equal  to  the  weight  of  the  displaced  fluid)  13  directed  upwards 
through  the  centre  of  gravity  of  the  fluid  displaced,  and  the  weight  of  the  solid  is 
directed  downwards  through  the  centre  of  gravity  of  the  solid,  it  follows  that  the 
resultant  of  the  pressures,  that  is,  the  weight  of  the  fluid  displaced,  is  equal  to  the 
weight  of  the  sc^d,  and  that  the  centres  of  gravity  of  both  are  in  the  same  vertical  line. 
If,  instead  of  floating  on  the  surfSeuie,  the  body  be  kept  from  sinking  by  a  force,  acting 
along  a  -string,  just  sufficient  to  keep  the  body  at  rest,  the  conditions  of  equilibrium  may 
be  found  as  follow^ : — 

Let  G  be  the  centre  of  gravity  of  the  body  suspended  in  the  fluid  by  the  string  F  A : 
let  E  C,  G  B  be  verticals  through  the  centre  of  gra- 
vity of  the  displaced  fluid  and  through  the  centre  of 
gravity  of  the  body.    Let  also 
W  =  weight  of  the  body,  and  W = weight  of  fluid 

displaced 
T  =  tension  of  the  string 
Y  =  volume  of  the  fluid  displaced 
and  D  =  density  of  the  fluid. 

The  body  is  kept  at  rest  by  the  forces  W  =: 
D Vy,  acting  in  the  direction  E  C ;  "W,  acting  in  the 
direction  G  B ;  and  T,  acting  in  the  direction  F  A. 
These  three  forces  must  therefore  be  all  in  one 
plane ;  and  T  must  be = W  —  W.  Through  G  draw  E  G  perpendicular  to  E  C,  F  A ; 
then  as  the  body  is  at  rest,  the  moments  of  the  forces  W,  W  to  turn  the  body  about  K 
in  opposite  directions  are  equal  (Statics,  p.  60). 

.-.  W.  GK  =  W.  EK  =  DVy  .  EK. 
Hence  the  weight  acting  over  the  pulley  A  upon  the  body  at  F  just  sufficient  to  keep 
the  body  from  sinking  is  TV  —  W,  and  in  order  that  it  may  be  kept  from  turning,  there 
must  hii  Ihu  condition  W .  GK  =:  W .  EK.  Should  the  body  be  lighter  than  the 
fluidf  and  tend  to  fioat  instead  at  to  suikj  then  the  force  on  F  to  prevent  its  rising 
will  of  course  be W  ^ —  Wj  the  other  condition  to  prevent  turning  remaining  the 


As  noticed  at  pago  163^  if  the  vessel  be  ftill  before  plunging  the  body  into  the  fluid, 
the  quflQtity  of  the  fluid  which  the  immersion  of  the  body  causes  to  run  over  will  occa- 
Hion  no  diminution  of  the  weight  of  the  veaael  and  contents,  nor  yet  any  modification  of 
the  preasurea  on  the  bottom  and  eidea;  for  the  body  merely  fills  the  place  of  the  bulk  of 
fluid  which  ita  immor^ion  driwa  out  of  tli(;  vessel.  The  circumstances  as  to  the  weight 
and  pre«#urcs  are  th<s  ^mo  aa  if  the  fluids  that  originally  occupied  the  space  now  filled 
by  the  body,  had  become  solidified  whilo  at  rest  in  the  vessel.  The  weight  P  in  the 
above  diagram,  aiid  whkh  measures  the  tension  of  the  string,  measures  the  excess  of 
weight  in  the  body  above  tli&  weight  of  the  water  it  displaces. 

The  Centie  of  Pteieiuet^The  pFeB3ures  of  a  fluid  against  the  different  points 
of  a  plane  surface  may  be  regarded  as  a  system  of  parallel  forcoa,  acting  perpendicular 
to  the  plane :  the  resultant  of  thuae  forcea  ia  therefore  perpendicular  to  tho  plane,  and 
the  magnitude  or  intensity  of  the  resultant  ha*  already  been  shown  (page  168)  to  bo  equal 
to  a  eoliLum  of  the  fiuid  whose  base  is  the  surface  pressed,  and  whose  altitude  is  equal  to 
the  depth  of  the  centro  of  gravity  of  tho  surfoce  before  the  level  of  the  fluid.  The 
centre  of  pressure  is  that  point  of  the  surface  to  which  if  a  single  force  equal  and  oppo- 
site to  tho  resultant  of  the  pressures  wero  applied  the  plane  would  be  kept  at  rest. 
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Problem. — ^To  find  the  centre  of  preMure  of  a  fluid  on  a  tiitiiglft  wlioee  iMie  ia 
iiorizontal  and  at  the  for&ce  of  the  fluid. 

Let  ABC  be  the  triangle,  and  drav  CM  to  bisect  thebaseAB;  alaoletBE,  FGbe 
two  lines  parallel  to  A  B,  and  drawn  bo  that  the  distanoes  M  m, »  G  may  be  equaL  These 
lines  being  horisontal  are  uniformly  pressed  throughout,  so  that  the  centre  hi  pressure 
on  each  is  at  its  middle  point,  and,  as  already  proTed  at  page  169,  the  pressure  on  one  is 
the  same  as  the  pressure  on  the  other.  Consequently  ve  may  regard  the  extremities 
m,  »  of  the  line  m  »  as  pressed  by  equal  forces :  the  resultant  of  these  is  therefore  equal 
to  the  sum  of  both  applied  to  the  middle  point  P,  which 
point  is  evidently  the  middle  point  of  C  M. 

Whatever  two  lines  be  taken  equidistant  fix>m  M 
and  C,  the  point  of  application  P  of  the  resultant  remains 
the  same ;  and  as  the  whole  pressure  on  the  triangle 
may  be  regarded  as  made  up  of  all  these  linear  pres- 
sures, it  follows  that  the  resultant  pressure  must  pass 
throught  P,  which  is  therefore  the  centre  of  pressure  on 
the  triangle. 

Fboblek. — ^To  find  the  centre  of  pressure  of  a  fluid 
on  a  parallelogram,  one  of  whose  sides  coincides  with 
the  surface  of  the  fluid. 

Let  A  C  be  the  parallelogram,  and  draw  EF  bisect- 
ing the  opposite  sides  D  C,  A  B.  The  centre  of  pressure  is  necessarily  in  E  F,  as  the 
pressures  on  each  side  of  it  are  equal.  Draw  E  A,  E  B,  as  also  horizontal  lines 
H  J,  K  L,  &c.    Then  the  pressure  on  one  of  these 

^f "~7^^ 7*  ^^  as  H  J,  is  to  the  pressure  onABasEotoEF, 

that  is,  as  m  f»  to  A  B.  Hence  representing  the  pres- 
sure on  A  B  by  the  line  A  B,  the  lines  mn^pq,  &c., 
will  correctly  represent  the  pressures  on  H  J,  E  L,  &c. 
Consequently  if  the  fluid  were  all  removed,  and  a 
pressure  equal  to  that  originally  on  A  B  be  appHed 
to  that  line,  and  also  a  pressure  to  every  line  p  q^ 
m  »,  &c.,  in  the  triangle,  the  pressures  being  always 
proportional  to  the  lengths  of  these  paraUels,  the  parallelogram  in  which  the  pressed 
triangle  is  inscribed  will  still  be  at  rest.  But  the  resultant  of  all  the  pressures,  thus 
uniformly  diffiised  over  the  triangle,  must  pass  through  the  centre  of  gravity  of  the 
triangle.  Hence  the  centre  of  gravity  of  the  triangle  is  the  centre  of  pressure  of  the 
fluid  on  the  parallelogram ;  and  consequently  the  centre  of  pressure  on  the  parallelogram, 
one  of  whose  sides  is  at  the  surface  of  the  fluid,  is  on  the  bisecting  line  E  F,  and  at  a 
depth  equal  to  two-thirds  the  depth  of  the  opposite  or  lowest  side  of  the  parallelogram. 
Again:  suppose  the  upper  side  of  the  parallelogram  to  be  below  the  surface  of  the  fluid 
but  parallel  to  it,  let  H  J,  for  instance,  be  the  upper  side  of  the  parallelogram,  and  D  C 
the  surfEuse  of  the  fluid.  Then,  as  shown  above,  the  pressure  on  the  parallelogram  H  C 
may  lie  replaced  by  a  pressure  uniformly  diffused  over  the  triangle  E  «n  » ;  and  the 
pressure  on  the  parallelogram  A  C,  by  the  extension  of  the  pressure  on  E  «n  ft  uniformly 
over  the  triangle  E  A  B :  hence  the  pressure  on  the  parallelogram  A  J  may  be  replaced 
by  a  pressure  uniformly  spread  over  the  trapezium  A  m  i»  B.  Consequently  the  centre 
of  pressure  of  the  parallelogram  A  J  is  the  centre  of  gravity  of  the  trapezium  A  m  n  B. 
As,  in  the  first  case,  when  the  upper  side  of  the  parallelogram  is  at  the  surface  of 
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the  fluid,  the  eentre  of  the  pnssure  is  alwayi  on  the  nune  line  £  F,  and  at  the  same 
depth,  however  dose  the  middle  point  E  is  to  the  extremities  D,  0— that  ia,  howerer 
slender  the  parallelogram  may  he---it  Allows  that  the  eentare  o£  ptessme  of  a  straight 
line  E  F,  haying  one  extremity  at  the  surfiioe  of  the  flnid,  is  at  Irds  the  length  of  S  F 
below  £.  *  The  centre  of  pressure  being  the  point  about  whioh  all  the  presaing  forees 
balance,  it  is  eyidently  the  point  most  in  need  of  support,  or  where  the  opposing  fofoe 
should  be  more  especially  applied  to  resist  the  pressure  of  the  fluid  on  the  surfiaee,  and 
thus  to  prevent  rupture.  The  staves  of  vats  and  casks,  which  may  be  regarded  as  so 
many  rectangles,  should  be  each  more  especially  strengthened  at  one-third  of  their 
lengths  from  the  bottom. 

Specific  0raTities  of  Bodies.— When  bodies  are-oompared  together,  having 
the  same  specific  gravity,  any  volume  of  one  must  of  course  have  the  same  weight  as  an 
equal  volume  of  each  of  the  others,  so  that  the  weights  of  such  bodies  are  to  one 
another  as  their  volumes.  The  volume  of  any  irregular  body  may  be  aacertained  by  the 
bulk  of  water  it  displaces  by  being  immersed  (though  more  conveniently  from  its  weight 
and  specific  gravity);  or,  for  the  purpose  of  comparing  difliBrent  volumes,  we  may  merely 
observe  the  height  to  which  the  water  rises  in  the  two  cases  in  a  cylindrical  vessel, 
upon  the  immersion  of  the  bodies.    The  foUowii^  is  an  example. 

Example. — ^A  mass  of  gold  immersed  in  a  cylinder  containing  water,  caused  the  sur- 
face to  rise  a  inches ;  a  mass  of  silver  of  the  same  weight  caused  it  to  rise  h  inches ;  and 
a  mass  still  of  the  same  weight,  but  composed  of  gold  and  silver,  caused  it  to  rise 
e  inches.    What  was  the  proportion  of  gold  and  silver  in  the  compound  mass  ? 

Let  «  be  the  volume  of  the  gold,  and  y  that  oi  the  silver :  then  as  the  volumes 
immersed  axe  as  the  elevations  of  the  surface  caused  by  the  immersions,  we  have 

e  :  a  : :  x-^-y  :  -  (a;  4"  y)  ^o  volume  of  the  mass  of  gold 


e  :  b  ::  x  +  y  :  -{x  +  y) 


silver. 


The  weights  of  these  masses  being  equal,  let  W  be  the  weight  of  each ;  then  the 
weights  being  as  the  volumes  when  the  specific  gravities  are  the  same, 

Wx 
—J--  the  weight  of  gold  in  the  oompound 


■{x  +  y)  :  X 


b 


j{x  +  y)  ly 


W:f- 
ax- 


TB^.  «   Wy 

•  bir+i     "       " 
e  Wx     ,  e  Wy   __ 


silver 


.+1- 


=  W 


•  ' 'a«  + y"''3a?.-|-y ' 

.•.  bex  -J-  aey  =  «^  («  4-  y) 
.'.  {be  —  db)x-=:{ab  —  ac)  y 
.'.  X  :  y  ::  a  {b  —  c)  :  b  {e  —  a) 

It  is  probable  that  in  some  such  way  as  this  Archimedes  solved  the  problem  pro- 
posed to  him  by  Hiero,  King  of  Syracuse,  who  having  ordered  a  crown  of  gold  to  be 
made,  suspected  that  the  crown  fimushed  to  him  was  a  mixture  of  gold  and  silver,  and 
wished  the  truth  to  be  ascertained  without  injuring  the  workmanship. 

As  the  weight  of  one  volume  is  to  that  of  another  of  diflisrent  specific  gravity  as  the 
product  of  volume  and  specific  gravity  of  the  former  to  the  product  of  volume  and 
specific   gravity  of  the  latter ;  therefore,  if  S,  S'  represent  the   specific  gravity   of 
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^d  «nd  flilTer  respectively,  the  weights  of  9  and  jr  will  be  the  one  (0  the  other  as  Sc  *« 
S'jr;  therefore,  by  the  foregoing  proportion, 

wt.  of  tike  geld  («):  wt.  of  the  sUtot  (y)  ::  •(»_i^8  :  #(s_«}a^ 

Co— oywitly  fite  weight  «f  the  oevpowid  if 

,\  the  weight  of  the  silver  in  the  eompound  isW-^  | .  ■  I  '  S^  "^  M 

PiioBLiof. — ^Having  given  the  volumes  and  speciftc  gravities,  or  the  weights  and 
specific  gravities  of  several  bodies,  to  And  the  specific  gravity  of  the  compound. 

1.  Let  the  vc^umes  Yj,  V,,  Vs,  ^.,  be  given  with  tke  speeifie  gravities  Si,  S„  S,, 
Acl  ;  and  lit  8  be  the  spedfle  gravity  of  the  oompound;  then  since  W  ;=  SY^,  we  have 
for  the  weight  of  V^  +  Vj  +  V,  +  &o. 

(SiVi  +  8,V,  +  8,V,  +  4c.)# 
=  S(V,  +  V,  +  V,  +  &c)^ 

2.  Let  the  weights  Wi,  W„  W3,  fte.,  with  the  speeifio  gravities  8„  8„  8„  ^  be 
given,  S  being  the  specific  gravity  of  the  compound  as  before :  then  since  Y  =  ^,  we 
have  for  the  volume  of  Wi  +  Wj  +  W,+  Ac. 


Wi  S2  S3  &c.  +  W,  81  8,  &c.  +  W3  81  S,  &c. 
If  m  eqiial  volumes  are  mixed,  the  specific  gravity  of  the  compound  is 

m 
If  m  equal  wei^ts  ate  mixed,  the  speoifto  gravity  of  the  oompouad  is 

8=  *^l  ^  ^3 8m 

81  82  . . .  8«»-i  +  82  8j  . . .  8m  -(-  &c. 
When  Uiere  are  only  two  bodies  to  be  compounded,  then  for  equal  vohimesi 


-^^ — 2.  J  and  for  equal  weights,  ^     '  *     the  former  value  being  an  arithmetic, 

and  the  latter  an  harmonic  mean  between  the  specific  gravities  of  the  two  substances. 

Pboblbm. — ^To  determine  the  volume  of  any  substance,  however  irregular,  of  known 
specific  gravity. 

Let  8  be  its  specifio  gravity,  and  W  its  weight  in  ounces,  then  sime 

W=SVy.-.V=f55^  cubic  feet 

In  ft  simflar  way  may  the  capacity  of  an  irregular  vessel  be  ascertained.    Let  the 
weight  of  the  water  that  will  fill  the  vessel  be  to  ounces,  then  the  o^wcity  or  vdume  ol 

the  vessel  will  be  -----  cubic  feet    If  the  result  is  to  be  in  cubic  inches  instead  of  in 

lUvv 
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cubic  feet,  the  diyuor  1000  nmst  be  replaced  by  the  multiplier  1728,  because  -^^ 

1000 
:=  1*728 :  lo  that  w  being  the  number  of  the  ayoirdupois  ounces  in  the  weight,  the 

Tolume  or  capacity  will  be  V  =  1*728  -g-  cubic  inches. 

Should  w  be  the  number  of  troy,  instead  of  the  number  of  ayoirdupois  ounces,  then 
since 

1  oz.  troy  :  1  oz.  ayoirdupois  : :  480  :  437*5 

.'.  1  OZ.  ayoirdupois  =  oz.  troy  =  *911458  oz.  troy 

•'•^="911468  I  ^''^'^^^®'  =  ^52746-  |o«Wci^c^«»- 
The  diyisor  '52746  is  the  troy  weight  in  oz.  of  a  cubic  inch  of  water,  as  is  obyious : — 
it  is  the  yalue  of  to  when  Y  ==  1  and  8  =  1.    The  troy  weight  of  a  cubic  inch  of  water 
in  grains  is  253*1808  grains. 

It  is  in  general  easier  to  ascertain  the  weight  of  a  minute;  body  than  to  measure 
accurately  its  dimensions;  and  thus  the  following  is  the  method  usually  recomimended 
for  finding  the  diameter  of  a  small  sphere  of  known  specific  grayity  and  ascertained 
weight  in  grains  troy.  Let  d  be  the  small  diameter  and  to  the  weight  in  grains  troy  of 
the  sphere,  and  S  the  specific  grayity  of  the  substance  of  which  it  is  formed ;  then  the 
volume  of  a  sphere  whose  diameter  is  1  inch  being  '523598  inches,  we  haye  for  the  troy 
weight  of  an  equal  sphere  of  water, 

1  :  -523598  : :  253*1808  grains  :  132*5648  grains, 
the  weight  of  a  sphere  of  water  of  1  inch  in  diameter. 

Now  the  yolumes,  and  therefore  the  weights,  of  spheres  of  the  same  substance  being 
as  the  cubes  of  their  diameters,  we  haye 

P  :  rf»  : :  132*5648  grains  :  132*5648<f3  grains, 
the  weight  of  the  small  sphere  of  water  of  diameter  d;  therefore  the  weight  w  of  the 
proposed  spher^ 

io  =  132'6648rf8.  S  grains  .*.  rf  = -19612  ^| 

the  number  of  grains  being  put  for  to. 

When  a  body  is  wholly  immersed  in  a  fluid,  the  weight  lost  is  to  the  whole  weight 
as  the  specific  grayity  (S)  of  the  fluid  to  the  specific  gravity  (S')  of  the  solid. 

The  weight  lost  is  itte  weights  of  the  displaced  fluid  (page  174) ;  and,  from  the 
general  relation  'W=z  SVy,  the  weight  of  bodies  of  the  same  volume  are  as  their  specific 
gravities ;  therefore,  wt.  of  displaced  fluid  :  wt.  of  solid  : :  S  *  3' 

that  is,  wt.  lost  :  whole  wt.  : :  S  :  S' .  .  .  (1) 

If  the  same  body  be  inmiersed  in  another  fluid  whose  specific  grayity  is  S|,  then 
wt.  lost  :  whole  wt.  : :  Sj  :  S' .  .  .  (2) 
The  second  and  fourth  terms  being  the  same  in  the  proportions  (1)  (2),  it  follows  that 
the  weights  lost  in  the  two  fluids  are  as  the  specific  gravities  of  those  fluids;  and  hence 
may  be  ascertained  the  specific  gravity  of  any  fluid  (obtainable  in  sufficient  quantity 
for  the  experiment],  when  the  specific  gravity  of  any  other  fluid  is  known. 

Also,  the  true  weight  of  a  body  may  be  readily  determined,  from  knowing  what  it 
weighs  in  each  of  two  fluids  of  known  specific  gravities ;  for  let  "W  be  the  true  weight, 
and  to,  uf  the  weights  in  two  fluids  whose  specific  gravities  are  S,  8' :  then  the  weights 
lost  are  W  —  w  and  W  —  it*  respectively. 
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...  W  — w:  W  —  K/iiSrS. 

,\  (8'— S)W=:S'fc>  — S«^. 

.*.  "W  =     g.,  ~  g— ,  true  weight  of  the  hody. 

And  thus,  from  having  the  true  weight  of  the  hody,  and  the  weight  lost  in  one  of 
the  fluids,  we  may,  by  the  proportion  (1)  aboye,  find  also  the  specific  gravity  of  tho 
body. 

By  the  true  or  absolute  weight  of  a  body  is  to  be  understood  the  weight  of  it  in  a 
vacuum,  that  is,  firee  from  the  presence  of  even  the  air :  the  absolute  weight,  therefore, 
is  equal  to  the  weight  of  the  body  in  air,  increased  by  the  absolute  weight  of  a  volume 
of  air  equal  to  that  of  the  body;  but  for  bodies  of  small  volume  this  minute  increase  is 
inappreciable. 

Example  1. — ^A  piece  of  uniform  substance,  whose  true  weight  is  64  gndns,  is  found 
to  weigh  only  48  grains  when  immersed  in  distilled  water:  required  the  specific 
gravity  (S)  of  the  substance. 

The  weight  lost  is  64  — •  48  =  16  grains, 

.'.  16  :  64  ::  1  (specific  gravity  of  water)  :  4. 

Hence  the  specific  gravity  of  the  body  is  S  =  4. 

2.  A  body  weighs  130  grains  in  one  fluid,  and  68  in  another;  but  the  true  weight 
of  the  body  is  240  grains :  required  the  relative  specific  gravities  of  the  two  fluids.     . 

The  weights  lost  are  110  grains  and  172  grains,  and  (page  178}  these  are  as  the 
specific  gi^vities  of  the  fluids. 

.    S  _  110  ^  «  _  110  ^, 
••8^-172'°'^-  172^' 

If  one  of  the  fluids  be  air  in  which  the  body  is  weighed,  and  the  other  water  of 
specific  gravity  1,  then  knowing  the  specific  gravity  S  of  the  air,  we  have  for  the  real 
weight  "W  of  tiie  body,  that  is,  for  its  weight  in  vacuo, 


W  = 


w  —  ^v/ 


=  w  +  (w  —  w')  S  +  (to  —  «0  S»  +  &o. 


=  «;  +  («>  —  «;')  S  very  nearly, 
because  S  being  a  small  fraction,  S^  is  an  equally  small  fraction  of  it 

The  scales  used  in  weighing  bodies  for  the  purpose  of  ascertainiug  specific  gravities 
are  called  the  hydrostatic  bcUance.    The  body  to  be  \^ 

weighed  is  suspended  by  a  fine  thread  from  one  of 
the  scale-pans,  and  immersed,  as  in  the  margin; 
and  when  the  weights  in  the  other  scale-pan 
bring  the  scale-beam  into  a  horizontal  position, 
the  weight  of  the  body  in  the  fluid  will  be  deter- 
mined. 

But  in  what  has  preceded,  the  solid  is  supposed 
to  be  heavier  than  an  equal  volume  of  the  fluid  in 
which  it  is  immersed ;  when  it  is  lighter  than  the 
fluid,  the  method  of  proceeding  is  this : — 

Take  a  body  sufllciently  heavy  to  sink  the  lighter  body  with  it,  when  both  are 
united  and  immersed  together  in  the  fluid.  Find  the  weight,  in  the  fluid,  of  the  heavier 
body  by  itself;  then  the  weight,  in  the  fluid,  of  the  united  mass:  this  latter  weight 
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will  obyiouBly  be  leu  than  the  former ;  «i  the  lighter  body  displaces  more  than  its  own 
weight  of  water,  the  differenoe  will  show  how  much  more.  Call  this  difference  between 
the  two  weights  nf,  and  the  true  weight  of  the  lighter  body  tpy  then  the  weight  of  the 
fluid  displaced  by  the  lighter  body  will  he  tp  ^  to'.  Consequently,  w  -^^  uf  i  w  :i  S 
(specific  gravity  of  fluid)  :  S'  (specific  gravity  of  the  solid). 

v  +  uf 

The  weight  uf,  by  which  the  weight  of  the  displaced  fluid  exceeds  that  of  the  body, 
expresses  the  buoyancy  of  the  body,  or  the  upward  pressure  upon  it,  in  Tirtue  of  which 
it  would  begin  to  ascend  if  left  to  itself. 

If  the  specific  gravity  of  «  body  in  the  form  of  powder  is  to  be  found,  the  preceding 
method  may  still  be  employed :  the  powder  may  be  imbedded  in  wax,  or  some  such 
yielding  material,  sufficienUy  heavy  to  cause  the  compound  to  sink  in  the  fluid;  the 
weight  in  the  fluid  of  the  wax  by  its^f  being  found,  and  then  the  wei^^t  in  the  fluid 
of  the  compound,  the  specific  gravity  of  the  powder,  previously  weighed  in  vacuo,  will 
be  given  by  the  foregoing  formula. 

PnoBLEM. — If  in  two  fluids  which  do  not  mix  a  sdid  be  immersed,  and  rest  partly 
in  one  fluid  and  partly  in  the  other,  to  find  the  ratio  of  the  two  parts  when  the  specific 
gravities  of  the  solid  and  the  fluids  are  known. 

Let  Y'  be  the  volume  immersed  in  the  lower  or  heavier  fluid,  and  Y  the  Tolume 
immersed  in  the  upper  or  lighter  fluid ;  then  from  the  condition  "W  =  VS^  we  aeoee- 
sarily  have 

VS  +  V'S'=CV  +  V')S", 

where  S',  S  are  the  specific  gravities  of  the  two  fluids,  and  S"  tlie  specific  gravity  of  the 
solid. 

.-.  V(S  -  S")  =  V'(S"  -  S)    .-.  ^  =  ^^gj,  the  ratio. 

Hence,  adding  1  to  eadi  side, 

"T^  —  S  —  S" 

If  the  solid  float  on  one  fluid,  then  in  these  results  S  =  0,  that  is,  the  upper  portion 

V       S' S"  V  4-  V       S' 

V  of  the  body  is  in  vacuo;  therefore  ^,  =      g^    ■•    Also  -^j — ^^  g^' 

Consequently,  if  a  body  float  on  a  fluid  in  vacuo,  and  then  the  air  or  any  other 
lighter  fluid  be  admitted,  the  body  will  rise,  and  leave  a  less  portion  of  it  immersed  in 
the  original  fluid.  Also,  if  a  body  float  on  a  fluid,  the  part  immersed  V  is  to  the  whole 
body  V  +  V  as  the  specifio  gravity  S"  of  the  body  to  the  specific  gravity  S'  of  the 
fluid. 

Consequently  if  the  body  float  upon  a  second  fluid  of  specific  gravity  S^  and  if  V| 
be  the  part  of  the  body  immersed,  then  we  have  the  two  proportions 

and    Vi  :  V  +  V  ::  8"  :  Sj"  ^  °  —  ^i*^    / 
.-.  T  :       Vi        ;:  S^  :  8' 
That  is,  the  parts  of  the  body  immersed,  or  the  volumes  of  the  fluida  diaplaced,  ai^ 
iaveraely  as  the  specific  gravities  of  those  fluids.    Upon  this  principle  the  instrument 
called  the  hydrometer,  for  measuiing  the  specific  gravities  of  different  Uquida,  ia  ocnr 
atrooted. 
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The  Bydzometex. — ^There  are  teveral  modifications  of  this  uBeful  inBtmment 
in  its  simplest  form,  the  hydrometer  consists  of  two  hollow 
spheres,  usually  of  glass — ^a  larger,  and  smaller  one  below  it^  com- 
municating with  each  other.  Into  the  lower  sphere  mercury  or 
small  shot  is  introduced,  in  order  that  the  spheres  may  sink  in 
the  liquid.  From  the  upper  sphere  rises  a  cylindrical  stem,  the 
axis  of  which  is  in  the  straight  line  through  the  centres  of  grarity 
of  the  spheres ;  so  that  when  the  instrument  rests  in  the  fluid, 
the  stem  may  be  vertical.  Let  the  instrument  be  placed  in 
water,  the  stem  will  sink  to  some  point  A ;  let  it  then  be  placed 
in  a  liquid  L  that  will  cause  the  stem  to  sink  to  B ;  then,  by 
the  aboye-mentioned  proposition,  the  specific  gravity  of  L  is  to 
that  of  water  (1),  as  the  volume  or  magnitude  of  the  body  A  0, 
to  the  volume  or  magnitude  of  B  0. 

n  ._  i.T      volume  of  AC      volume  of  (DC  —  DA) 

'••'^'^"g^^^^^=volumeofBC  =  volume  o^(ftC--BB) 

The  whole  volume  of  the  instrument — ^that  is,  the  volume  of  water  it  would  displace 
if  wholly  immersed  in  it — ^is  regarded  as  consisting  of  4,000  parts,  and  the  stem  is 
diyided  so  that  each  division  is  one  of  those  parts.  Suppose  the  stem  to  contain  50  of  the 
parts,  numbered  from  D  downwards,  and  that  it  sinks  to  30  in  one  liquid  L^,  and  to 
20  in  another  liquid  L,  :  then 

Specific  gravity  of  Lj  _  4000  —  20  __  3980 
Specific  gravity  of  Lj  ""  4000  —  30  "~  8970 
And  in  this  way  are  the  specific  gravities  of  different  liquids  comx)ared. 

Nieholson's  Bydfoaaetex- — This  differs  from  the  common  hydrometer  ehiefly 
in  having  a  dish  at  each  end^  and  in  serving  for  measuring  the  q>ecific  gravities 
of  solids  as  well  as  fluids.  The  stem  in  this  instrument  is  a  slender  wire 
of  hardened  steel ;  and  the  adjustment  is  such  that  when  a  given  weight 
— 1000  grains  for  instance — is  placed  in  the  upper  dish  A,  the  instrament 
will  sink,  in  distilled  water  at  the  temperature  of  60°  Fah.,  to  the  point  P 
ia  the  middle  of  the  stem.    It  it  used  as  follows : — 

To  Compare  the  Specijie  Gh'tmtiea  of  Tu>o  Liquid*  L,  L'. — Let  W  be  the 
weight  of  the  hydrometer,  w  the  weight  which  must  be  placed  in  the  diih  A 
to  sink  the  instrument  to  the  point  P  in  the    quid  L,  w^  the  weight  which 
must  be  placed  in  A  to  sink  the  instrument  to  P  in  the  liquid  L' :  then 
weight  of  the  volume  of  L  displaced  =  W  -)-  it 
weight  of  same  volume  of  L'  displaced  r=  W  -j-  tr^ 

specific  gravity  of  L "W  4f^w 

' '     specific  gravity  of  L'      W+«5^* 
To  find  the  Specific  Gravity  of  a  Solid. — Let  w  be  the  weight  which  placed  in  the 
ish  A  causes  the  instrument  to  sink  to  P  in  the  water.    Place  the  solid  to  be  examined, 
r  a  fragment  of  it,  in  A,  and  let  u/  be  the  weight  to  be  added  to  sink  the  instrument  to 
'.    Then  remove  the  solid  to  the  lower  dish  B,  and  let  to"  be  the  additional  weight  to 
e  added  to  the  upper  dish  to  sink  the  instrument  to  P. 
It  is  plain  that  the  weight  of  the  solid  in  air,  in  A  =  w  —  uf 
and  that  its  weight  in  water,  in  B  =  «>  —  uf 
Hence  the  weight  of  water  displaced  by  the  solid  =.w'* —  w* 
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giaritj  of  witer  lieiiigf  1. 

Or,  witbont  placmg  anj  additioiial  wei^t  in  tlie  Jipper  duih,  dbserre  to  what  depth 
the  solid  alone  amies  the  instminent  in  water ;  then  remore  the  solid  to  the  lower  diah, 
and  some  additional  wei^t  ip  will  be  necessarj  to  sink  the  inatmment  to  Me  aMM  depth ; 
wo  that,  ealling  the  wei^  of  the  solid  W,  we  shall  have 

W 

specific  giavit^  of  the  solid  =  — 

The  weight  W  of  the  solid  under  examination  is  zeadilj  aaeertained  hy  finding  what 
weight  supplying  its  place  in  the  upper  dish  will  sink  the  instrument  to  the  same  depth. 

It  is  eTident  that  the  instrument  becomes  more  sensitiTe  the  ilendeier  the  wire 
stem  be  made.  If  an  additional  small  weight — a  grain  for  instance — be  placed  in  the 
dish  A,  an  additional  grain  weight  of  the  liquid  must  be  diaplaced  bj  the  sinking  of  a 
suitable  additional  length  of  the  stem;  so  that  the  finer  this  stem  is  die  greater  must  the 
additional  length  be.  The  diameter  of  the  stem  is  in  general  Ath  of  an  inch;  and  the 
instrument  will  rise  or  fall  nearly  one  inch  by  the  abstraction  or  addition  of  ^th  of  a 
gram.    For  the  weight  of  a  cubic  inch  of  water  is  253*1808  grains  troy ;  and  therefore 

the  Tolume  of  Ath  of  a  grain  is  ogoi.QAQ  <rfa  cnhic  inch,  Nowtheareaof  atransrerse 
section  of  the  wire  stem  ia^X  '7854  ^  __-.   and  if  the  Tolunie  due  toifeth  of  a 

grain,  namely  2szi'S0S*  ^  diTided  by  this  area,  the  quotient  will  be  about  f ths  of  an 

inch,  for  the  length  of  wire  that  will  rise  or  fidl  in  water  iHien  the  weight  differs  by 
-fyih  of  a  grain.    In  a  liquid  lighter  than  water  the  length  will  of  oooise  be  greater. 

The  hydrometer  is  the  instmment  used  by  officers  of  the  Excise  to  ascertain  the 
strength  of  spirituous  liquors,  or  in  what  degree  they  are  aboTe  or  below  proof.  Pkouf- 
spirits  coiunst  of  half  alcohol,  or  pure  spirit,  and  half  water ;  when  placed  in  this  mix- 
ture, the  exciseman's  hydrometer  sinks  to  the  point  marked  proof  upon  the  scale ;  if  the 
liquor  be  bebw  proo^  or  hare  mcNre  tiian  half  water,  the  instrument  will  not  sink  so  far 
as  proof;  and  if  it  be  aboye  proo^  it  will  sink  farther,  and  the  surfoce  of  the  liquor  will 
stand  fl^oM  proot 

But  in  all  deteiminations  of  specific  gravity  account  must  be  taken  of  the  tompera- 
tnre  of  the  substance  at  the  time  of  the  experiment;  all  bodies  expand  by  heat,  and 
therefore  become  specifically  lighter.  Spirits  more  especially  are  susceptible  of  this  in- 
crease of  Tolume  by  increase  of  temperature :  a  cubic  inch  of  brandy,  for  instance,  will 
weigh  about  ten  grains  more  in  winter  than  in  summer,  unless  the  change  of  tempera-^ 
tiire  is  obviated  by  artificial  means.  It  is  necessary,  therefore,  in  measuring  the  specifte 
gravity  of  a  liquid  to  notice  to  what  extent  the  temperature  of  it  differs  fixwn  the  stan- 
dard temperature  of  60**  Fahrenheit ;  and  then,  from  knowing  by  previous  experiment 
the  amount  of  expansion  or  contraction  of  the  liquid  for  different  degrees  of  temperature, 
to  reduce  the  specific  gravity  to  what  it  would  be  at  the  temperature  of  60*. 

We  shall  now  give  a  few  examples  in  practical  illustration  of  the  preceding  articles 
on  specific  gravity. 

EfomjOet:  1.  If  a  piece  of  stone  weigh  101b.  in  air,  and  only  6*  lb.  in  water,  re- 
quired the  specific  gravity  of  the  stone.— Ana.  3  077. 

2.  A  piece  of  elm  weighs  15  lb.  in  air,  and  a  piece  of  copper  weighing  181b.  in  air 
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and  161b.  in  water  is  affixed  to  it;  the  oompoand  weighs  61b.  in  water :  required  the 
specific  grayity  of  the  elm. — ^Ans.  6. 

3.  A  piece  of  cast-iron,  of  spedflc  gravity  7*425,  weighed  40  ounces  in  air,  and  35'6I 
ounces  in  a  fluid :  required  the  specific  gravity  of  the  fluid. — Ans.  I. 

4.  Beqnired  the  nomber  of  cubic  inches  in  a  block  of  stone  of  specific  gravity  2 '52, 
which  weighs  1  cwt — ^Ans.  1228|  nearly. 

5.  A  composition  of  1  cwt  coiisists  of  tin  of  specific  gravity  7*32,  and  of  copper 
of  specific  gravity  9 ;  the  specific!  gravity  of  the  composition  is  8*784 :  required  the 
quantities  of  tin  and  copper  in  the  mixture. — Ans.  100  lb.  of  copper  and  121b. 
oftin- 

6.  The  dimensions  of  one  of  the  marble  stones  in  the  walls  of  Balbeck  are,  length 
63  feet,  and  breadth  and  thickness  each  12  feet ;  the  specific  gravity  of  the  stone  is  2*7 : 
required  the  weight  of  the  block. — Ans.  683}  tons  nearly. 

7.  A  solid  weighing  250  grains  in  air,  weighs  147  grains  in  one  fiuid,  and  120  in 
another :  what  is  the  ratio  of  the  specific  gravities  of  the  fiuids } — Ans.  As  103  to  130. 

8.  A  cubical  iceberg  is  100  feet  above  the  level  of  the  sea,  the  sides  of  it  being  ver- 
tical :  given  the  specific  gravity  of  sea- water  10263,  and  of  the  ice  '9214 :  required  the 
itamber  of  cubic  feet  in  the  mass. — ^Ans.  936302452  cubic  feet 

9.  The  weight  of  a  common  hydrometer  is  equal  to  that  of  a  volume  v  of  water ; 
the  part  to  which  the  stem  is  attached  weighs  a  volume  v'  of  water ;  the  radius  of  the 
stem  is  r ;  and  the  specific  gravity  of  a  liquid,  in  which  the  instrument  ii  immersed,  is  « : 
required  the  length  /  of  stem  immersed  when  in  equilibiio. 
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For  a  description  of  certain  methods  of  taking  specific  gravities  with  extreme  accu- 
racy, the  student  may  consult  the  Elbmbnta&t  Chemist&t,  p.  5. 

Eqvilibxiuiii  of  a  Floating  Body.— In  order  that  a  body  may  fioat  on  a 
liquid  and  remain  at  rest,  two  conditions  are  necessary : 

1.  The  weight  of  the  body  must  be  less  than  the  weight  of  a  volume  of  the  fluid  of 
the  same  bulk  as  the  body ;  it  must  be  equal  to  the  weight  of  the  volume  displaced  by 
tbat  portion  of  the  bulk  which  is  immersed  in  it 

2.  The  centre  of  gravity  of  the  body  and  the  centre  of  gravity  of  the  fluid  displaced 
by  the  partial  immersion,  must  both  bf>  situated  in  the  same  vertical  straight  line  (p.  l73). 

These  are  the  only  conditions  necessary  to  secure  the  equilibrium  of  the  floating 
body.    If  either  of  them  be  wanting,  the 

fi...l.  '.  ^''fff  ^^7  (though  it  may  not  sink)  wiU  move, 
I »-. '  '  ^ .] — '"c- 1  and  can  come  to  a  state  of  rest  only  when 
'        ""^       1       these  two  conditions  are  secured. 

Suppose,  for  instance,  a  body  floating 
at  rest  on  the  water,  as  in  the  first  of  the 
annexed  figures,  the  centres  of  gravity 
of  the  body  and  of  the  displaced  fluid 
being  in  the  same  vertical  line,  to  be 
disturbed  from  its  position,  as  in  the 
second  figure.  The  fluid  displaced  then 
becomes  changed  in  form  and  situation, 
though  not  in  volume ;  its  centre  of  gra- 
has  shifted,  and  is  no  longer  in  the  same  vertical  with  the  centre  of  gravity  of  the 
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body.  The  body,  therefore,  is  now  acted  upon  by  two  forces  tending  to  torn  it  round 
into  the  position  from  which  it  has  been  disturbed ;  namely,  the  force  due  to  the  weight 
of  the  body  acting  downwards  through  G,  and  the  force  due  to  the  pressore  of  the  dis- 
placed fluid  acting  upwards  through  G'. 

When  a  body  thus  slightly  disturbed  tends,  as  in  this  case^  to  return  to  its  original 
position  of  equilibrium,  that  position  is  said  to  be  one  of  stable  equilibrium^  in  reference 
to  the  disturbance  in  question.  If  the  disturbance  were  to  act  yertioally  on  the  body 
through  its  centre  of  gravity,  and  therefore  tending  either  to  depress  the  body  lower  in 
the  fluid  or  to  raise  it  further  out;  in  the  f(»iner  case  the  additional  upward  pressure, 
and  in  the  latter  the  additional  downward  weight,  would  bring  the  body  into  its  original 
state  of  rest,  the  equilibrium  being  always  stable  in  refetrence  to  disturbance  in  a  ver- 
tical direction. 

Unstable  equilibrium  is  that  position  of  the  floating  body,  finom  which,  if  disturbed, 
it  yields  to  the  disturbance ;  and  instead  of  recovering  its  original  condition  of  equilib- 
rium, departs  from  it  more  and  more,  till  it  finda  either  some  new  position  of  equilibrium 
or  upsets  and  sinks. 

When  a  floating  body  is  slightly  disturbed  from  rest  by  being  turned  about  its  centre 
of  gravity,  the  line  through  that  centre,  originally  vertical,  l^ecomes  slightly  oblique ; 
the  downward  pressure  or  weight  is  then  in  the  direction  of  a  new  vertical  line  tiirough 
the  same  centre ;  the  upward  pressure,  too,  in  consequence  of  the  change  of  figure  and 
position  of  the  displaced  fluid  causing  a  change  in  the  centre  of  gravity  of  that  fluid,  is 
also  in  a  new  vertical  line.  The  point  where  this  new  vertical  meets  the  slightly 
oblique  line  through  the  centre  of  gravity  of  the  body,  is  called  the  metaeentre;  and  the 
vertical  itself  ia  called  the  line  of  support.  We  have  already  seen  that  it  is  necessary  for 
the  line  of  support  to  pass  through  the  centre  of  gravity  of  the  body  when  the  body  is  at 
rest  (p.  173), 

The  position  of  the  metaeentre,  in  reference  to  the  centre  of  gravity  of  the  body  when 
slightly  disturbed,  determines  whether  or  not  the  disturbance  will  be  counteracted,  and 
the  body  right  itself  by  returning  to  its  former  i)osition  of  equUibrimn ;  that  is  to  say, 
whether  or  not  this  position  of  equilibrium  is  a  stable  position.  If  the  metaeentre  be  at 
a  point  on  the  oblique  line,  slightly  turned  out  of  its  vertical  position  by  the  disturbance, 
which  is  above  the  centre  of  gravity  on  that  line,  then  it  is  plain  the  upward  pressure, 
acting  along  the  vertical  (line  of  support)  through  the  metaeentre,  must  re-establish  the 
oblique  line,  or  a^ia  r^^f erred  to^  in  its  vertical  poaition ;  for  the  centre  of  gravity  rsj  tus 

it  were,  a  fixed  point,  round  which 

tbe  body  turns;  and  the  upward 

force  at  the  ineiaccntri^^  above  this 

centre^  acting  with  a  leverage  and 

unopposed^  must  r<:stOTe  to  the  axis 

its  vertii^ality.     But  if  the  meta^ 

centre  btAir/owthe  centre  of  gravity 

of  the  hodyj  then  the  upwarJ  prea^     - 

sure  haa  a  contrary  effect,  and  tha 

oblique  axis  on  which  it  acts  ia 

turned  still  more  out  of  the  vertical 

direction. 

For  jiiBtajic*,  G  being  the  centre 
of  gravity  of  the  floating  body,  if  G  A'  be  the  axia  diatu^hml  &tnu  its  oiigmal  v^rtioRl 
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position  G-  A,  by  any  fbroe  which  no  longer  acts,  and  if  m  be  4he  metaoentre,  or  point 
where  the  line  of  support  ffm,  passing  through  the  centre  of  gravity  f  of  the  displaced 
fluid,  meets  G  A',  it  is  plain  that  the  progress  of  the  disturbance  is  arveeted,  and  6  A' 
restored  ,to  its  yertical  position.  If,  on  the  other  hand,  the  metaosntre  be  situated, 
in  reference  to  the  centre  of  grayity  G  of  the  body,  as  in  the  second  diagram,  that 
is  below  G,  then  the  upward  pressure  upon  it  assists  the  deyiation  from  the 
Tertical ;  and  thus  G  A'  goes  on  inclining  more  and  more. 

It  is  thus  obyious,  that  when  the  metacentre  is  above  the  centre  of  gravity  of  the 
disturbed  body,  the  disturbance  will  be  rectified,  and  the  equilibrium  which  has  been 
disturbed  is  gtabU. 

But  when  the  metacentre  is  beloto  the  centre  of  gravity,  the  disturbance  becomes 
aggravated ;  and  the  equilibrium  thus  disturbed  is  umtaMe.  It  is  possible  that  the  line 
of  support  gm  may  pass  through  G,  the  centre  of  gravity  of  the  body ;  in  this  case,  the 
body  remains  at  rest  in  its  new  position,  for  the  conditions  of  equilibrium  are  then  as 
rigorously  fdlffiQed  as  at  first:  the  equilibrium  in  such  circumstances  is  said  to  be 
indifferent ;  it  is  also  sometimes  called  neutral  equilibrium.  This  kind  of  equilibrium 
evidently  has  plaee  in  a  floating  sphere  and  cylinder,  and  also  in  a  body,  of  whatever 
shape,  floating  in  a  fluid  of  equal  specific  gravity  as  itself— that  is,  if  it  be  allowed  to 
call  the  eqiiilibrium  in  this  caa&Jloatinff  no  part  of  the  body  being  above  the  surface  of 
the  fluid. 

From  what  has  now  been  said,  it  is  obvious  how  important  it  is,  in  the  construction 
and  loading  of  ships,  to  make  the  centre  of  gravity  of  the  whole  body  so  low  that  the 
metacentre  may  always  be  above  that  point,  even  for  a  considerable  disturbance.  The 
centre  of  gravity  is  sometimes  elevated  above  its  original  position,  in  a  gale  of  wind,  by 
the  shifting  of  the  cargo :  if  the  elevation  be  sufficient  to  bring  it  above  the  metacentre, 
the  vessel  must  capsize. 

Example. — A  rectangular  beatn,  the  transverse  vertical  section  of  which  is  a  square, 
and  the  specific  gravity  of  which  is 
one-half  that  of  the  water  on  which 
it  floats,  rests  with  one  of  its  faces 
parallel  to  the  surface  of  the  water : 
it  is  required  to  determine  whether 
the  equilibrium  is  stable  or  unstable 
in  reference  to  a  slight  transversa 
disturbance. 

As  the  transverse  vertical  Heef  ions 
are  all  equal  squares,  it  wiU  be 
sufficient  to  consider  merely  the 
middle  section  A  B  C  D. 

The  centre  of  gravity  of  this  is  at 
G  the  middle  of  the  square,  that  is 
GH  =  i  AB ;  and  if  ^H  =  J  AB, 
then  g  will  be  the  -centre  of  gravity 
of  the  displaced  fluid  j  for  the  body  floats  half  in  and  half  out  of  the  water,  as  by 
hypothesis  it  is  only  half  the  weight  of  its  bulk  of  water.  £  F  is  the  plane  of  flotation, 
and  H  K  the  vertical  axis  through  the  centre  of  gravity  G. 

Let  now  the  body  be  turned  round  its  centre  of  gravity,  through  a  small  angle 
FG/=  e,  causipg  the  line  of  flotation  to  be  «/,  and  the  former  vertical  axis  to  become 
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EG<; 


by  the  first  proportion,  :=  ^ 


-EGe 


the  oblique  line  HK;  we  have  to  find  ^,  the  centre  of  gravity  of  tHe  cBeplaced  fluid 

«?/C  B  in  this  new  position  of  the  body,  and  thence  the  point  0  where  the  vertical  /O 

cutstheaxisHK:  this 

point  0  is  the  meta-  ^ 

oentre. 

Let  w,  n  be  the 
centres  of  gravity  of 
the  portions  E  G  e, 
F  G/,  and  let  h  be  the 
centre  of  gravity  of 
the  portion  cGFCB. 
Then  by  Statics, 
hg:  mg.iEGe: eGYCB 
and 

hff':ng'::¥Gf:eGYCB 
ButEG«  =  FG/; 
consequently 

hff  :  mg  ::  hf  :  n^ 
therefore  y/  is  parallel 
to  mn 

•■•£  =  y«  =  iGFCB'"'  """  ""■'  r-r— ",  -  efQB-EG* 
Now,  as  the  angle  of  disturbance  B  is  considered  as  very  small,  the  portion  E  G  « 
must  be  insignificant  in  comparison  with  £  F  C  B :  hence 

EG^  /IN 

ffg=mn-^^^    ....     (1) 

Moreover,  on  account  of  the  smallness  of  0,  sin  0  and  0  may  be  regarded  as  equal ;  and 

we  shall  then  have  for  the  three  quantities  w  #»,  E  G  tf,  E  F  C  B,  the  values  mn  =:  2Gm 

=  |GE,  GE  being  the  distance  of  the  vertex  G  from  the  base,  or  from  the  middle  of  the 

base,  the  base  being  small  in  consequence  of  the  minuteness  of  0. 

EGtf  =  iGE*  X  0,  EFCB  =  2GE» 

.-.  (1),  g^  =  |GE  X  ie  =  iGE  X  «  =  JOE  X  angle  gO^ 

But  0^  X  angle  gOg'  =  gg'.'.  iGE  =r  0^,  that  is  0^  =  JGH 

.•.OH  =  (J  +  i)GH  =  *GH.-.GO  =  iGH 

Hence,  the  equilibrium  is  unstable,  and  therefore  the  beam  will  roll  partly  over, 
though  displaced  through  only  a  very  small  angle.  When  such  a  position  is  reached 
that  the  diagonal  A  C  becomes  vertical,  the  body  will  slightly  oscillate  till  the  resistance 
of  the  fluid  destroys  its  motion,  when  it  will  flrmly  settle  in  a  position  of  stable  equi- 
librium with  the  diagonal  A  C  vertibal.  For  it  is  plain  that  when  this  position  is  arrived 
at,  the  centre  of  gravity  G  of  the  body,  and  the  centre  of  gravity  g  of  the  displaced 
fluid,  are  again  in  the  same  vertical ;  but  the  inertia  of  the  rolling  mass  will  cause  the 
axis  C  A  to  incline  a  little  beyond  the  vertical  position,  the  oentre  of  gravity  g  of  the 
displacement  will  thus  move  a  little  towards  the  right,  as  in  the  former  case,  and  g  being 
now  nearer  to  G,  the  vertical  from  /  will  meet  the  slightly  inclined  axis  above  G,  so 
that  the  new  position  of  equilibrium  into  which  the  body  finally  settles  will  be 
stable.    (See  next  figure.) 
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In  reference  to  the  foregoing  inyestigation,  it  .may  be  proper  here  to  remark,  that 
the  student  is  not  to  infer  that  the  resulting  determination  of  the  metacentre  is  merely 
a  dose  approximation  to  its  true 
position  from  our  having  re- 
garded 0  as  deprived  of  appre- 
ciable value.  The  metacentre 
has  been  defined  to  be  a  point 
where  certain  two  lines  inter- 
sect: these  two  lines  approach 
nearer  and  nearer  to  coincidence 
as  6  diminishes.  Now  if  0y  from 
any  finite  value,  continually  ; 
diminish,  the  point  of  intersec- 
tion referred  to  will  move  along 
the  axis,  and  will  cease  to  move 
and  become  stationary  only  when 
6  becomes  zero ;  that  is,  when 
the  two  intersecting  lines  actu- 
ally coincide.  It  is  this  extreme 
limit  of  the  intersections  that  is, 
in  strictness,  the  metacentre. 
It  is    rigidly    and    accurately  ~" 

determined,  from  any  general  investigation  in  which  0  is  assumed  to  be  a  small  value, 
only  in  the  extreme  case  of  that  hypothesis ;  that  is,  only  when  0  has  diminished 
down  to  zero.  It  will  be  seen,  by  re-examining  the  operations  above,  that  the 
final  result  strictly  follows  when  0  becomes  zero ;  or  when  0  is  the  extreme  limit  of 
the  intersections  of  the  line  of  support  with  the  axis  HE.  The  metacentre,  in 
reference  to  a  displacement  in  a  given  direction,  is  thus  a  fixed  point  on  the  vertical 
through  the  centre  of  gravity ;  and  has  nothing  to  do  with  extent  of  disturbance.  When 
the  body  is  at  rest,  the  vertical  through  the  centre  of  gravity  of  the  body,  and  that 
through  the  centre  of  gravity  of  the  fluid  displaced,  become  one  and  the  same  line :  if 
the  equilibrium  be  disturbed,  these  verticals  separate,  and  the  point  about  which,  in  this 
separation,  they  hegin  to  turn  is  the  metacentre. 

Fluids  Gommnnicating  through  Bent  Tubes  .~In  speaking  of  the  Level- 
ling Instrument  at  page  168,  we  have  regarded  it  as  a  vessel  of  fluid ;  and  from  the 

proposition  which  suggested  a  reference  to  it, 
^  have  inferred  that  the  two  surfaces  of  the  bent 
tube  were  horizontal  or  level :  but  the  follow- 
ing direct  proof  that  the  surfaces  of  the  fluid  in 
any  bent  receptacle  are  necessarily  horizontal,  is 
deserving  of  notice  for  its  simplicity.  We  take 
it  from  the  ^^  Oours  E16mentaire  de  MScanique" 
of  De  Launay. 

Let  A  B  be  two  points  taken  in  the  interior 
af  the  fluid,  and  on  the  horizontal  line  wholly  in  the  channel  of  communication  A  B, 
between  the  two  ascending  portions  of  the  bent  tube ;  these  two  portions  being  of  any 
relative  bulk  whatever. 

In  order  that  the  two  points  A  and  B  may  be  at  rest,  the  pressures  at  A  and  B  must 
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be  equal,  and  must  be  the  eame  as  the  pressure  upon  every  point  of  the  line  A  B.  Now 
the  pressure  on  A  is  equal  to  the  weight  of  the  vertical  column  of  particles  C  A :  the 
pressure  on  B,  on  account  of  the  obliquity  of  the  arm  B  M,  is  not  so  easily  found.  It 
may  be  obtained  as  follows : — ^The  pressure  on  B  is  equal  to  the  pressure  on  D,  aug- 
mented by  the  weight  of  the  column  of  particles  D  B.  The  pressure  on  D  is  the  same 
as  that  on  £ ;  but  the  pressure  on  £  is  equal  to  the  pressure  on  F,  augmented  by  the 
weight  of  the  column  of  particles  F  E :  consequently  the  pressure  on  B  is  equal  to  the 
pressure  on  F,  augmented  by  the  weight  of  the  two  columns  of  particles  P  B,  F  £. 
Proceeding  in  this  way,  and  observing  that  the  pressure  on  M  is  nothing,  we  see  that 
the  pressure  on  B  is  equal  to  the  weight  of  the  five  columns  of  particles  D  B,  F  £,  H  G, 
K  I,  M  L.  And  since  the  pressures  on  A  and  B  are  equal,  it  follows  that  the  five  verti- 
cal lines  D  B,  F  £,  H  6,  K  I,  M  L,  are  together  equal  to  the  single  vertical  line  G  A. 
Consequently  every  point  in  the  surfaces  at  0  and  M  is  at  the  same  vertical  distance  ' 
from  the  horizontal  plane  passing  through  the  two  points  A,  B :  these  surfjEu^ea  are 
therefore  horizontal. 

In  order  that  the  foregoing  phenomenon  may  always  be  exhibited,  it  is  of  course 
necessary  that  the  fluid  introduced  into  the  tube  be  of  uniform  density,,  or  that  equal 
vertical  columns  of  it  press  with  equal  weights.  When  two  distinct  fluids,  which  do 
not  intermix,  balance  in  a  bent  tube,  or  in  any  two  vessels  having  a  channel  of  free 
oonmiunication  with  each  other,  the  proportion  becomes  modified,,  as  follows  :-^ 

If  two  fluids  which  do  not  intermix  are  in  equilibrio  in  a  bent  tube,  the  heights  of 

their  surfaces  above  the  horizontal  plane, 
JL  ^  .        where  the  one  fluid  rests  upon  the  other, 

are  inversely  as  their  special  gravities. 

Let  AB  C  be  the  bent  tube,  with  a 
fl.uid  A  H  of  specific  gravity  S  resting 
upon  another  fluid  HBC  of  specifle 
gravity  S',  the  hoiizcmtal  plane  of  their 
separation  being  at  H. 

The  pressure  of  the  fluid  A  H  on  the 

horizontal  plane  H  is  H  X  A£  X  S^; 

the  pressure  of  the  fluid  C  J,  upward  on 

the  same  plane^  is  19  X  C  F  X  S'^ ;  and 

the  plane  H  sustains  only  the  upward  preiBure  communicated  by  0  J,  sinee,  H  J  being 

horizontal^  if  C  J  were  r^aoved,  there  would  be  no  upward  prcssuro  on  Hr 

Hence,  as  the  fluids  are  at  rest,  the  pressures  on  H  must  be  equal. 

AE       S' 
.-.  H  X  AE  X  Sff  =  'E  X  CF  X  S>    /.  AE  X  S  =  CF  X  S',or^=g. 

that  is,  the  heights  of  the  surfaces  A,  C,  above  the  horizontal  plane  of  separation  H  J, 
are  inversely  as  the  specifio  gravities  of  the  fluids  A  H,  G  J. 

If  S'  =  S,  we  then  have  the  ease  of  a  single  uniform  fluid  before  considered,  and 
the  result  gives  A  E  =  G  F ;  that  is,  the  surfaces  are  at  the  same  height  above  a  hori- 
zontal plane,  or  are  level.  Suppose  above  A  and  G,  two  other  fluids  of  specific  gravities 
S",  S"',  to  be  introduced  into  the  tube,  and  that  the  equilibrium  remains  undisturbed  ; 
then  the  new  fluid  in  G'  G  oommunicates  to  the  horizontal  plane  A  the  only  upward 
pressure  it  receives,  and  this  by  hypothesis  is  balanced  by  the  downward  pressure  of 
the  new  fluid  in  A'  A.    Hence,  as  before, 

AE*  X  S"  =  G'F'  X  S'"    .-.  AE .  S  -t-  AE".  S"  =  CF .  S'  +  CF.  S'" 
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andflo  on  far  may  number  of  sapevpoaed  flnidt  in  aquUbriOb  HwmW|  if  ivy  samber  of 
flstSds  be  in  eqnffibrio  %l  a  bent  tube,  ihf  •mn  of  Hie  prodneto  of  the  Yeitieal  beighta 
iato  the  speeiflc  grayltiee  of  the  fluid*  in  one  bnneh  of  the  tnbe»  will  be  eqwl  to  the 
snin  of  the  oerretpoading  prednots  in  the  ether  braaoh.  The  mutiotl  heif^t  oi  fmth 
fluid  18  estimated  from ihe  horiKontal  plane  on  vhieh  it  nsta;  the  hei^t of  the  lowest 
flmdHBGiaeetimBted  from  the  loweet  point  B;  the  vertical  diateaoe of  B  from  H  is 
the  height  in  one  branch  of  the  tabe;  and  the  veitical  distanee of  B  from  G  is  the 
height  in  the  other  branch. 

In  illustrations  such  as  the  aboye,  the  tubes  are  always  represented  as  circular ;  but* 
as  the  reasoning  shows,  the  riiape  of  the  lAannri  w^A  eoaaoets  the  two  vppar  smfaoes 
of  a  fluid  toge&er  does  not  enter  into  oonsideTattion.  A  pool  of  water  connected  by 
underground  open  passages^  howeyer  tortuous,  withan  adjaeent  mer,  will,  on  the  aboye 
principle,  haye  its  surfiEu^  on  the  same  leyel  as  that  of  the  riyer.  Also,  water  oonyeyed 
by  pipes  from  a  TCseireilr  can  neyer  deliyer  a  tnpply  to  any  plaoe  on  ahigfaor  luftl  than 
the  snrfjMie  of  the  eonroe,  without  the  applioition  ofmeohaniwa]  frvoe  or  pvessuM. 

The  student  must  be  apprised  that  in  discussing  the  dMnmatanoeiof  the  eqoilibrinm 
of  fluids  in  tubes,  thDugh  the  -sh^^e  of  the  tube  ii  of  no  moment,  nor  yet  the  sectional 
area  of  the  branches  at  any  height,  proyided  only  that  these  exceed  a  certain  amount  of 
unallness ;  yet  if  the  section  at  any  part  be  so  small  as  to  bring  mto  operation  what 
is  called  capillary  attraction,  the  fluid  surfrces  in  the  two  branches  will  not  stand  at  the 
same  leyel.  If  the  section  be  circular,  the  diameter  of  it  should  exceed  -^th  of  an  inch, 
in  order  that  capillary  aittraetion  may  not  oppose  Ihsft  of  grwvtty,  and  thus  leassn  down- 
ward pressure.    We  shall  deyote  a  diert  article  to  this  curwns  subject  presently. 

Problem. — Equal  lengths  of  two  fluids  which  do  not  intermix,  and  whose  specific 
grayities  are  as  «i  to  1,  are  ponred  into  a  nniiorm  ciraalar  tube ;  te^uifed  the  psiafinn 
in  whi^  they  will  rest 

Let  PCH  be  the  hoayiertuid,  and  PH  the  lighter,  (he  lengths  of  the  «ita  FH,  PH 
bcSng  «fiial;   let  «  repi<e8eQt  each  of  tbsse 
lengths;  and  draw  PM,  PM'  each  perpendi- 
cular to  I3ie  yertical  ^aaeter,  as  also  H  N  B. 

^hen  the  lighter  «aid  PH  is  upheld  en- 
tirely by  the  pressure  of  the  portion  P  B  of  the 
heayier  fluid;  hence  the  downwssd  piessore  of 
the  lighter  §mi.  on  the  horieontal  plane  H 
must  be  equal  to  the  upwsnd  pressure  -of  the 
pottien  P  B  of  the  heayier  fluid,  transmitted  to 
that  plane.  The  heights  of  these  equilibrating 
portions  of  fluid  are  respectiyely  M'H,  and 
MN;  and  as  these  arc  inyersely  as  their  spe- 
cific grayities,  from  what  is  shown  abay«,  we  haye 

M'N:MN::m:l.%M'N  =  m.MN (1) 

Let  the  arc  C  P  be  represented  by  «  .*.  CH=a  — ar,  and  CP  =«—«+«  =  2»—.#, 
henM'N  and  MN  may  be  found  in  tenns  of  «  and  r  as  follows,  obserying  that 
M'N  =  M'0  — NO 
and  MN=MC— NC. 
M'C  =  yer  sin  (2a  —  x),  NC  =  yer  sin  (a  —  jp),  KC  =Ter  sin  ^r ; 
/.  M'N  =  yer  sin  (2«  —  a^  —  yer  sin  (a  —  «), 
MN  =  yer  sin  «  —  yer  tin  («  —  ar) ; 


j|r  .r 

^ * 
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.•.  (1)  ver  flin  {2a  —  a?)  —  ver sin  (a  —  x)  =ztn  ver  mux  —  m  ver  sin  (a — a?)   .    .   (2) 
Or,  since  ver  sin  ^  B  —  ooS)  where  B  is  the  radius  of  the  circle,  we  may  use  coflines 
instead  of  yersed  sines;  and  reduce  the  geometrical  to  the  ordinary  trigonometrical  cosines, 
that  is,  to  the  scale  B  =  1 ;  we  shall  only  haye  to  regard  a  and  x  as  standing,  not  for 
lengths  of  arc,  but  for  the  degrees  in  chose  lengths ;  we  shall  thus  haye  from  (2) 
1  —  cos  (2a  —  x)  —  1  4-  cos  (a  —  x)=:m  —  m  cos  «  —  «t  +  «t  cos  (a  —  x); 
that  is,  cos  (a  —  x)  —  cos  (2a  —  x)^m<iOB  (a  —  x)  —  m  cos  x; 
.'.  COS  (2a  —  a? )  +  (m  —  1)  cos  (a  —  x):=imcoax; 
that  is, 

cos  2a  cos  a;  -4-  sin  2a  sin  a?  -(-  (m  —  1)  (cos  a  cos  a;  -(-  sin  a  sin  a;)  :=  m  cos  a; ; 
.*.  cos  2a  -4-  sin  2a  tan  a;  4-  (''^  —  1)  (cob  a  -|-  sin  a  tan  x)=z.m; 

.  ^^^m-cos2»-(».-l)cos»- (3j 

Sin  2a  4-  (^  —  1)  suj  a 
From  this  expression  the  trigonometrical  tangent  of  the  arc  a;  may  be  found  from 
the  tables ;  and  thence  the  number  of  degrees  in  that  arc,  or  the  angle  which  C  F  sub- 
tends at  the  centre  of  the  circle. 

Let  a=  s>  ^^^  <50s  a  =  0,  cos  2a  :=  —  1,  sin  a  =  1,  sin  2a  =:  0,  and  the  ezpres- 

sion  in  these  circumstances  becomes,  * 

tanajrz— -^ (*). 

If  4f»  =  1,  that  is,  if  the  two  fluids  be  the  same,  then  (3)  giyes 

.^^ 1  —  cos  2a       1  —  (1  —  2  sin*  a)        sin  a       . 

tan  a;  =  — ,—^ —  ==  — -\ 1  =; =  tan  a, 

sm  2a  2  sm  a  cos  a  cos  a 

that  is,  the  arcs  a  and  x  are  equal,  as  we  otherwise  know  they  must  be. 

Eqnilibiiuiii  of  a  Rotating  Fluid. — In  all  the  preceding  inyesligationfl  the 
only  force  supposed  to  act  on  the  fluid  is  the  force  of  grayity ;  we  shall  giye  an  illustra- 
tion of  a  case  in  which  the  equilibrium  is  due  to  the  united  effects  of  grayity  and  oentri- 
fugal  force. 

pBOBLEif . — ^A  cylindrical  vessel  oontaining  water  or  any  other  liquid  revolves  round 
its  axis,  perpendicular  to  the  horizon,  with  a  given  angular  velocity :  to  determine  the 
form  assumed  by  the  internal  siu'face  of  the  fluid. 

The  rotation  of  the  vessel  necessarily  puts  the  contained  fluid  in  motion,  and  this 
motion  continues  till  all  the  forces  balance  and  the  fluid  attains  a  fixed  form  and  position; 
it  is  in  this  state  of  equilibrium  that  we  have  to  consider  it. 

Suppose  A  H  D  to  be  the  form  assumed  by  the  surface  of  the  fluid  when  the  state  of 
equilibrium  is  attained,  and  P  any  particle  on  that  surface. 
From  P  draw  P  M  perpendicular  to  the  axis  of  the  cylinder, 
and  PN  perpendicular  to  the  curve  at  P.  The  forces  which 
keep  P  in  equilibrio  are — 1.  Gravity,  acting  in  the  vertical 
direction  N  M ;  2.  The  centrifugal  force,  acting  in  the  hori- 
zontal direction  M  P ;  and  3.  The  pressure  or  reaction  of  the 
particle  in  the  direction  P  N  perpendicular  to  the  sxurface ;  for 
it  is  plain  that  the  vertical  and  horizontal  forces  acting  on  P 
are  the  only  forces  which  cause  the  normal  pressure  of  P  on 
the  surface  H  P  D ;  so  that  this  normal  pressure  is  the  result- 
ant of  the  other  two,  and  therefore,  taken  in  the  opposite  direc- 
tion P  N,  neutralizes  the  former  and  keeps  P  at  rest. 
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Let  a  1)6  the  angfnlar  Telocity  of  rotation,  that  is,  the  angle  turned  through  hj  M  P  or 
F  C  in  a  second  of  time ;  then  the  circular  arc  turned  through  hy  P  in  a  second  will  be 
ay,  putting  y  for  P  M,  that  is  to  say,  the  velocity  t,  of  the  point  P,  is  «  =  ay. 
'    Now  the  centrifugal  force  acting  on  P  is 

^        aV 

y  =  —  =  «V'    (Dtnamob,  page  146.) 

Also  (Statics,  Prop.  IV.,  page  48), 

NM  :  MP  : :  gravity  :  centrifugal  force (1) 

that  is,  NM  :  y  ::  ^  :  aV .-.  NM  =  4- . 

ft 

The  line  N  M,  thus  determined,  ii  called  the  subnormal  to  the  curve  A  H  D  at  the 
point  P ;  and  we  see  that  the  curve  is  such  that  the  subnormal  at  any  point  is  a  constant 
quantity.  This  property  belongs  exclusively  to  the  parabola.  Hence  the  surface  of 
equilibrium  is  that  generated  by  the  rotation  of  a  parabola  about  its  axis ;  that  is,  it  is 
K  paraboloid. 

In  reference  to  the  foregoing  investigation,  it  may  be  useful  to  the  student  to  attend 
to  the  following  remarks : — 

It  will  have  been  perceived  that  the  problem  proposed  is  of  a  mixed  character — 
partly  dynamical  and  partly  statical.  The  forces  first  generate  motion  in  P,  which 
point  continues  to  move  till  these  forcea  become  balanced,  and  P  takes  a  position  of 
rest  The  force  of  gravity  ^,  and  the  centrifugal  force  aV»  both  act  dynamically,  and 
are  therefore  to  be  expressed  infeet^  The  symbol  a,  representing  the  angular  velocity 
of  rotation,  is  an  abstract  number : — ^It  is  not  an  angU.  Here,  as  in.all  dynamical  in- 
quiries, angular  velocity  is  estimated  thus : — ^A  circle,  whose  radius  is  represented  by  1, 
is  imagined  to  be  described  about  the  centre  of  motion  (about  M  in  the  present  case) ; 
the  semicircumference  of  this  circle  is  3*1416 ;  and  the  extent  of  arc  of  the  same  circle, 
turned  through  in  a  second,  is  a,  the  angular.velocity  of  the  rotation,  which  is  therefore 
3*1416  multiplied  by  some  number,  whole  or  fractional.  If,  therefore,  y  or  M  P  be 
measured  in  inches,  the  velocity  of  P  is  ay  inches ;  if  in  feet,  it  is  ay  feet.  As  y  is 
measured  in  feet — ^viz.  y  =  32*2  feet,  it  is  necessary  that  M  P  or  y  should  also  be 
measured  in  feet;  otherwise  the  proportion  (1)  would  be  incongruous.    The  final  result, 

namely,  NM  =  ~  gives  the  length  of  NM  in  feet :  it  is  32*2  feet  divided  by  the 

abstract  number  a'.    Suppose  the  vessel  performed  10  rotations  in  a  second ;  then  the 
angular  velocity  would  be 

a  =  3*a416  X  20  =  62*832  .-.  a«  =  62*832»  =  3947*86 
-„,  32-2     .^         386*4    .    , 

•••  ^  =  8947^6  ^"^  =l94m  "^^^^^ 
We  see  that,  with  the  same  angular  velocity  of  rotation,  the  curve  is  the  same  what- 
ever be  the  magnitude  of  the  vessel :  it  is  further  obvious  that,  as  the  cylindrical  shape 
of  the  vessel  is  no  item  of  consideration  in  the  above  solution,  the  conclusion  remains 
the  same  whatever  the  shape  may  be,  provided  that  the  horizontal  sections  be  circles^ 
and  the  vertical  axis  of  revolution  pass  through  their  centres. 

Suppose  the  vessel  to  be  itself  in  the  form  of  a  paraboloid :  then  the  velocity  of 
rotation,  necessary  to  cau^e  all  the  fluid  to  run  over,  may  be  easily  determined.  For 
the  vessel  will  be  emptied  as  soon  as  every  point  P  has,  through  the  intensity  of  the 
centrifugal  force,  reached  the  side  of  the  vessel ;  that  is,  when  the  s»ibnormal  N  M  at 
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any  point  P  is  identical  with  the  subnomtal  at  the  poLut  vhefe  the  horieontal  line  M  P 
meeta  the  side  of  the  vesseL 

Calling,  tnen,  the  constant  Bubnormal  of  the  given  parabola  /,  we  have  ^  =  -, 

.*.  a  .=  f  7^  the  angular  velocity  per  second  at  which  the  vessel  must  rotate  in  order 

that  the  empty  paraboloid,  formed  by  the  rotation,  may  coincide  with  the  concavity  of 
the  vessel  itself. 

From  this  expression  for  the  angular  velocity,  the  time  in  which  each  complete 
revolution  must  be  performed  may  be  aaeertaiaed  thus  :-^ 

31416 


a  :  81416  : :  1  sec.  : 


-  sec.  :=  time  of  a  aemi-rotation 


.  time  of  a  rotation  =  2-^^^^  =  3-1416  X  2^- 


seconds 


the  subnormal  /  being  measured  in  feet,  and  ff  being  32*2  feet.  It  appears,  therefore, 
that  with  this  rate  of  rotation,  the  fluid  will  rise  and  run  over  the  vessel,  till  only  what 
covers  and  adheres  to  the  sides  is  left. 

The  annexed  figure  will  illus* 
trate  the  manner  of  communica- 
ting rapid  rotatory  motion  to  a 
vessel  of  water.  D  and  E  are 
two  pulleys,  round  which  passes 
an  endless  cord ;  by  means  of  a 
winch  C,  the  vessel  may  be 
made  to  rotate  round  its  vertical 
axis  A  B  as  rapidly  as  we  please. 

Gapillaxy  Attraction  and 
Repulsion. — ^The  remarkable 
phenomena  of  capillary  attrac- 
tion and  repulsion  has  already 
been  described  and  illustrated  at 
pages  19  and  24  of  the  present 
volume;    and  little  more  than 

mere  description  and  illustration  can,  with  propriety,  be  given  in  this  work.  Common 
observation  shows  that  the  surfaces  of  solids  in  general,  unless  they  are  unctuous  sur- 
faces, attract  the  particles  of  water :  this  is  more  especiaHy  noticeable  m  glass.  If  a 
plate  of  glass  be  dipped  in  water,  and  then  gently  withdrawn,  a  line  of  fluid  particles 
will  be  seen  suspended  from  the  lower  edge,  and  iSbe  whole  surface  will  be  wetted^  shew- 
ing that  there  exists  an  attraction  between  glass  and  water^ 

It  is  to  this  attraction  that  the  rise  of  water  in  a  capillary  tube  is  attributed :  the 
bore  of  such  a  tube  being  very  minute,  from  ift^  to  -fyh  of  an  inch  in  diameter,  the 
thread  of  water  is  so  slender  that  the  sur^EUie  of  glass,  above  its  upper  extremity,  may 
exercise  attractive  force  sufficient  to  raise  the  upper  particle,  when  the  contiguous 
particles  must  follow  to  fill  up  the  vacuum ;  this  lengthening  of  the  thread  increasing 
till  gravity,  or  the  weight  of  the  little  column,  counterbalances  the  capillary  attraction. 
It  is  observed  that  the  height  to  which  the  water  is  raised  in  a  capillary  tube,  is 
inversely  as  the  diameter  of  the  tube.    And  this  fact  is  sufficient  to  teach  us  the  form 
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of  the  cunre  wbioh  the  upper  surface  of  water  asiumet  when  acted  upon  bj  the  two 
glass  plates  which  embrace  it,  as  mentioned  at  page  20. 

For  the  distance  between  the  plates  at  B,  is  to  the 
distance  between  them  at  C,  as  the  height  of  the  liquid  at 
C,  to  the  height  at  B.  Hence,  putting  AB  =  x,  and 
AG  =  ^,  and  the  corresponding  heights  y  and  /,  and 
remembering,  from  Euclid  Prop.  2,  Book  VI.,  that  the 
distances  between  the  plates  at  B  and  C  are  as  AB  to  AO, 
▼ehaye 

that  is,  the  rectangle  «y  is  a  constant  quantity,  wherever 
B  may  be  within  the  limits  of  capiUarity.  As  this  is  the  distinguishing  property  of  the 
hyperbola,  tibe  axes  of  reference  being  tbe  asymptotes,  we  infer  that  the  cuire  presented 
by  the  upper  surface  of  the  fluid  interposed  between  the  plates,  is  an  hyperbola.  The 
cunre  ceases,  of  course,  to  be  that  of  the  hyperbola  beyond  the  limits  of  capillarity :  at  a 
distance  from  the  junction  of  the  plates,  at  which  the  interval  between  them  exceeds 
about  -jji^th  of  an  inch,  the  curve  will  terminate  :  there  will  still  be  an  elevation  of  the 
liquid  up  the  side  of  each  plate,  but  the  line  traced  by  its  surface  will  become  a  straight 
line. 

Where  the  distance  between  the  plates  is  ri^th  of  an  inch,  the  fluid,  if  water,  is 
observed  to  rise  6  inches ;  and  therefore  where  the  distance  between  the  plates  is  T^oth 
of  an  inch^  the  rise  of  the  water  is  2|  inches.  The  elevation  of  the  liquid  is  found  to  be 
quite  independent  of  the  thickness  of  the  glass :  if  the  bore  of  the  tube,  or  the  distance 
between  the  interior  surfaces  of  the  plates,  be  the  same,  the  elevation  is  unaffected  by 
the  thickness,  so  that  the  quantity  of  matter  in  the  glass  does  not  contribute  to  the 
ascent  of  the  fluid;  and  if  the  interior  surfaces  of  the  plates,  or  the  bore  of  the  tube,  be 
coated  with  a  film  of  oil,  the  capillary  attraction  is  destroyed..  On  this  account  it  has 
been  inferred  that  the  attraction  is  exerted  entirely  by  the  surfSsu^e  of  the  glass,  and  that 
the  liquid  must  be  in  complete  contact  with  that  surface  for  the  phenomenon  to  take 
place :  the  attractive  energy,  it  would  seem,  has  no  penetrating  power,  it  being  stifled 
and  rendered  inoperative  by  the  interposition  of  even  the  thinnest  lamina  of  oil  or 
grease. 

It  may  be  remarked,  too,  that  the  elevation  of  the  fluid  is  not  near  so  great  between 
plates,  as  in  a  tube  whose  diameter  is  equal  to  the  distance  of  the  plates :  the  rise  is 
something  less  than  half  as  great  in  the  former  case  as  in  the  latter.  But  this  might  be 
expected,  as  in  the  tube  tho  thread  of  fluid  is  completely  surrounded  by  the  glass  sur- 
face; the  same  law,  however,  namely,  that  the  height  of  the  fluid  is  inversely  propor- 
tional to  the  distance  between  the  plates,  is  observed  to  have  place. 

The  fluids  which  exhibit  the  phenomena  here  noticed  are  exclusively  the  watery 
fluids,  all  of  which  rise  to  different  heights  in  the  same  tube ;  and  some  of  the  heavier 
rise  higher  than  the  lighter :  spirits  of  wine,  for  instance,  rises  only  about  f  ths  as  high 
aswater,  which  of  all  liquids  rises  to  tho  greatest  height.  Mercury,  however,  does  not 
rise  at  all ;  on  the  contrary^  the  tube  and  the  plates  seem  to  exercise  a  repellant  energy, 
and  cause  the  mercury  to  descend :  this  is  called  eapHlary  repulsion. 

The  diameter  of  a  capillary  tube  is  not  found  by  actual  measurement ;  the  method 
recommended  is  this : — ^Put  a  known  weight  w  of  grains  of  mercury  into  the  tube,  and  let 
the  length  of  tube  it  occupies  be  /  inches ;  then  representing  the  diameter  of  a  trans- 
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k'K  d^l^  -nth  :<:%443^(l«Si8  :<«;  <HfflttV 

it  <iaimdt'<ite%illfiii«||lNfelR>  ihat19b  1ttfftet«btly'&filRi8«tl  igUMigWik'ikemmaM,  litflMail^ 

the  maM<«Sr^j^b<fi^<«AMhiu^  it :  whereas  the  capiUaiy  influence  ia  more  likd*fMt<^ 
OeetrieUf,  '^^n^  ^enin^i  state  of  equilibMlta^2M8ni8t(»  h&  tedilnMitO'mere  sur&oes. 
It  appean  net  ItopnAable,  therefore,  that  capillaritj  may  be  a  peouliar  manifestation  of 
electric  fonee  exerted  by  the  8\l]^»6'<ft  <iire'ghMi  dh  ^i^lA^ 'oF'^s^'^in^fts  ttuM^ 
diate  n^boothbod.  W  lOi  1tt$bdtiflt^f  ^tepeMotfCs  fo  pttH^'^QiB  ^^dtM8lidfeieitr'i<ft 
electricftV/the  student 'llB¥ef«tJ^  €b^eir^(tiM&bn'^^iikUm^^ 

'GoU<hiu^dii.--'AreWe^ftt)Liil)i«e'Aib  iVm^t^  ttmiito'oh'B^fQmiimk^ 
like  the  precediiig'trgaeige1$h  Jb;$^hktiiitSfii,'fa)a^'b6eh']^i«pA)rdd  '^&}jmt'fy'f»4kmb^M<k^ 
khowlecl^  diTpiuie  maihSfaidtl^b  isllndtM  Vlthiti'th3B*tdU|tetfir{be'%l^ 
MATiCAx'l^ci£NCB8Wthe''^):db^t1S^te'(^tfMt^     ln'ih^M;M6tiUiyirbl!«^i^Hora<ebte- 
cliision,  we'HayeVeeii  d:brefo^^teirU^iri(le'itibt6'!^diyiiitb^titeft^^ 
could  -witk.propiiely  do  into  ihe  matter  fairly  coming  under  the  head  of  the  fontMftlr 
toiiic;  1>e<^tttem'sCatlcs]^ei^y,  ^^^'(iftufdb  dsbf 'IfoHa'DdaAtSyHftteye^iBiftte  de- 
mdhd  iq>on'ihel^h^r  •ddl^ultfo'^th^ti^  Byitiahucs.    9iit  lh%ciUi*fHMtifl«i^Mt7^ri]i«lp«b 
object  h&s  been  tb'cddydv&I^&^^dli^^tidns'of')^ 

cially  to  mpreas  ih'  mteUi|^Ue'8^^c^tf(Ai4x]^bn  ^tfy'^^bol  ^nfplbj^    ^  htt¥e 
sdways  thoi^ht' that  if  ihUslbiu^^  {^ihf^y']^omed4n  «tiiy^]^lii«^ 
the  elementax7']n8^bt&r1&aV>lth'dl^^  hislsd^  iliid  tta!y'sCLf<0^  JttiVe'his'pVtfpll'to  bift 
own  eterts,  and' the  olfdift^S'0^^in%%'fQttil%r'^'rtli^  itt^tiiilMai. 

' It  is anunforeimate  featolte'^In 'wS&riy^hodkB 'bn 'tl^plied 'scieiiee, '^tiii^i<id£te'%tiiMl)i6, 
Chat  thVpVeliiflinar^^ni^ttieifs  h(Si-6«hofii(^  "sde^tdo  hfl&tSIy 'dlsptis^  of.  ^[lte^l«iMi6k''ia 
often  left  ta  grope  llis  way 'to  the')^dl)aid  iki«^^ 

and  circiutous'  ih'uiner,'l#iih(»it  i[&y  '"r^H  'aiDdiseSnee  'ftJ6m  the  Ht'iStdr'lfho'  UUdlSirtak^b  4«6 
guide  him.  Ibid Ih'e  CQnse(|ueii;ifie  ito  tliat'he h^Stmn  cfitb!j^ed'Vo*f(^^ thb ^ittVO^^a- 
tion  of  a  problem  in  j^hysical  science  merely  as  an  algebraical  exercise,  in  which  syittbola^ 
and  synihQls  'islohe,  are  f^ilte'ihe'itii&trtuiiieiits  and  tile  'su^j^dt-niatt^r-'btfore  lua'miiid. 
Quantities  concrete  and  abstra^t-^i^'di^ht  a^d4ihftH-^t6ltlUto'anU'B|fti6e*^'«dblb  tb^hfm^MO 
jumbled  together,  in  one  £nd 'iihe  dliillin  ^biebiigruous  ^^ri^i^ 

applicability  of Wibrmiila  to  ^yitijtait^ilal'rdalit^;  '^H,'!n  6bedi^ce'to  tiie'dielMtMiidf 
common  sense,  is  constitiined  to  re^&fd  it'ifo  lHVol'Viii'g  Inere  UdilMmlEltical^abbtttetiiSkte, 
having  probably  some  "inystelious  'dbmiediidh  ♦Withthetoutfwai^  6bj«*t8*^f'*itee;  hvtt 
what  eonnectidn,  it  is1iey6hd'hls'|>'dn^tf^6h  tb  'discover. 

The  student  of  the  physTco-malhiBfli&ti'dal  'ddenees  mttst  'vigilftdtijr  to)itted  'agtaiitiM 
ihe  propensity^  in  dealing  wifh  his  8^teLb61s,'tb' leave  but  of 'si^t'tite'thJi^'sigiiifitfd : 
he  ha)d  better  abandon  an  inve8ti|ati5n  alt6g»th^r/than  i^ittte^i^te  it'bey^i^  the'st^ip'At 
Vrhich  it  ceases  to'he  intelligible  ia  Wfei^iide  to  "the  piU^ose^ft(r1iirhidh  it  'wtte  >uadls^ 
taken. 
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Bi(»MWV9Mdiac«}tMit»^<yi«tfiolm  and,  m  fliagnimfl  implies, 

m<ive^«9p«fii«U0r^rtw^.  ,ThfrJiMwiiMiKKnp>jf  nompiawrfbU  or  elattio  ioidi,  whether 
in  a  «M»>iGK&^fl^u)Ani«»iflr  Qiinal^Mm,'mmM  unABriUie  ted  of  iWnwia/Mf,  a  aubjeot  to 
whiflh^t)^  tt9iMlwi0ii(aftt^FKe«iii]btC0afti4»«^  .  i|pHoir^pgUiQHrJiBBi^4paoe 

wfijixo  jww^^ditf  ^BiMPt  iiiiiT*ntniBf  thiw  d^mtiioiiff  Aodmi  n^nflwr  guya^JUnMrth  [rjt^iffi 
howffnn^  4b  «ilii'e^>to>lierWgrejlM,  fir  dihfi  <fkj9M .  Itfnm  ^ibiflk  i«KQ}|tte:the  OKittiQnii 
«f  ,flwdftHW»  #oiiip<rfaBti|riiasMrtaimeB»^hat,!CW>tptjw  lBW|^«rtli>«]«»^luehieo»- 

fltitate  the  mere  elements  of  the  eubject,  the  iBwartigiHiflnii^f  I^yitoiijrowwAofy  l^ftwto^ 
on  ^jiDilMlml-.diitihiM^  ef iHllle  pnw^oil  fnlnci;  mud  wBiQliMM  weri  imd  to  waulta 
e]«i047,jWMU«d»tcidJh^vPipe«^^  iW0«b«ll,dAi^rtlbiv^  sai>tn0  Mi^ 
summary  to  fSioee  elementary  portions  of  the  mathematioal  theory  whidh  actual. oipeii- 
moBt  <eoniii»e^  )ftr^]|gRe^tWpndfeifl*l<oMMlf»  leMieliiMolfanMliqiiiMe  itenrlyjiMer- 
tained,  and  may  he  estimated  and  allowed  for. 

If  ^wttter  rw  tlnsMgh  a  pipe  or  other,  chanftil,  j|}ii»]W)iUillf$^it»:l4ie-ii)eU|ci^pf  Ithe 
flnid  xt  «ay  pait  loll  be  inyersely  as  the  area  ofiiietlrannrane  iMti«i>of  ^lOhnniuiLiilk 
that]p«rt.  For  Jet  A,  A'  represent  the  area  ctf  »ngr  tKD:tnnnnsift«0ftiapSy  ,tiie  jn^V 
beini^dBupposed  to;«un  firom  A  towards  A',  then  iiRhi^«r:t«antiAy  i^WflflitoiMigfc  ^  j« 
a  giTen  time  the  JHpie  quantity  must  pass  throighiA'^tnihat  time^;  inacftifjajlesa. quan- 
tity faased  thTQ»gJb»  then  the  fluid  between  the  tasotieMy  A^wd^tmrnma^^i^'  wonUL 
be  condensed;  jaid^fiAi^Keater  quantity  passeditivtmgl^iitiie  Jnid  fketnMnilbe fleetiom 
would-be  cQ^^tnM,  as  the  dha«ael  is  always  fxOL  Airnaehi  censegnaage  jui:if  nwpatMp 
with  an'iMa«q»reasible  fluid,  it  foQtirs  that  eqval^uaoditieBjef  .'flnid' na^tpaasctlirougiL 
A  and  A' Jiidbhe  same  time. 

^Xi;:iaM«tfon^slh0  Telocity  c(f  the  ttream  throi^hiAr^^4bifefeiHe«oad,(aadJtheindo- 
city  ^iroii^h  A',  v  feet  per  second,  we  shall  haye 

jAfSS^i^^^ .:.. i^ : iA' !  :'4i^. :  19 ; 
that  is,  the  yelocities  are  inyersely  as  the  areas  of  thftjaeotioM. 

.M^maWvfi  jrfirittAA^—gie'jtBleciiy  triflMrhish  f«  rini  dtlssmas  fipsm^anMllotfifloe 
Jn.lb3iboiten;enAde  «f  a  i!»flasl,.iheptiooDStKntI^Ml,is  cq<«al  tath&jreloaity  that^woold 
bam«giiirddiby>«i-ten]y  Jk^;liiiUi^  ^freely  ithnwgh  ^  iwigiht  of  the^inrttee  i^f  the  fluid 
aboye  the  hole. 

Suppo6&.the.i9iiftce  AtD.bewftt,ibe.bQtt€Si/Of  tilieTef^  of  fluid 

ceyenjjgihe.ariflQe  A  JA&JXied  out  l}y.thecaatien.x)f,j^Tity  ujHm^i^  im^  l(y<the,,aupe»- 
incombent  pressure  of  the  column  of  fluid  whose  base  is  A  and  altitude  A  B.  ^ComoeiTff 
the  column  A  B  to  consist  of  n  such  laminiB,  thus  supposed  to  be  jiKsted  upon  at  A ;  that 
is,  calling  the  thickness  6f  the'lamiiia  l,,]ietiAB  =  n;  then  before  motion,  the  statical 
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forces  or  pressurefl  on  A  are  its  own  Lght,  and  the  weight  or  pressure  of  the  column 
A.  B,  and  these  are  as  1  to  n ;  consequently  the  dynamical 
effects  of  these  forces,  when  motion  takes  place,  must  be 
also  as  1  to  n.  Now  the  dynamical  effect,  that  is  the  velo- 
city generated  in  the  lamina  A,  in  the  time  of  falling 
through  its  own  thickness  1,  regarding  this  time  as  the 
unit  of  time,  is  2  (DyyAiacs,  page  135} :  hence 

f  :?•::  2:  2#»; 
therefore  2n  is  the  velocity  generated  in  the  lamina  A  by 
the  column  of  fluid  in  l^e  assumed  unit  of  time ;  and  as 
this  time  is  indefinitely  small,  it  must  be  the  velocity 
which  the  fluid  has  at  the  orifice  itself,  or  that  with  which 
it  actually  spouts  out ;  and  as  the  vessel  is  kept  constantly 
full,  the  initial  circumstances  continue  invariable,  so  that 
the  fluid  is  discharged  with  the  same  uniform  velocity. 
Now,  if  a  heavy  body  fall  freely  through  a  height  h  by  the  action  of  gravity  it 

acquires  during  the  time  of  fall  a  velocity  v  ^  2A,  that  is,  a  velocity  that  would  carry 

it  through  2h  in  the  same  time  (Dynamics,  page  134).    Consequently  the  fluid  issues 

from  the  orifice  A  with  a  constant  velocity  equal  to  that  which  a  heavy  body  would 

acquire  in  falling  through  the  height  B  A. 

If  this  height  be  h  feet,  the  accelerating  force  of  gravity  being  g  =  32*2  feet,  we 

have,  for  the   constant  velocity  of  the  spouting  fluid,  v  =i  \/2ffhy  the  velocity  per 

second. 

The  fluid  spouts  out  with  the  same  velocity  whether  the  small  orifice  be  in  the  side 

or  in  the  bottom  of  the  vessel,  provided 


only  that  in  both  cases  the  hole  be  at  the 
same  depth  below  the  surface  of  the 
fluid,  since  the  pressure  of  a  fluid  is  the 
same  in  all  directions  at  the  same  depth. 

The  stream  being,  as  it  were,  thus 
projected  with  a  uniform  velocity  t>,  the 
curve  it  will  describe  in  issuing  from  the 
side  of  a  vessel  (as  in  the  margin)  will 
be  a  parabola^  of  which  the  directrix  is 
the  horizontal  line  through  B  the  sur- 
face of  the  fluid  (DYNAiacs,  page  141). 
The  hole  through  which  the  fluid  spouts 
must  be  so  small  as  to  render  the  pressures  at  different  parts  of  it  insensibly  different 
from  that  at  the  centre  of  the  orifice. 

Quantity  of  Fluid  Discliavged  per  Second,— As  the  velocity  is  constant, 
the  quantity  of  fluid  discharged  per  second  is  found  by  multiplying  the  area  of  the  orifice 
by  the  length  ^2gh ;  thus,  if  a  be  the  area  of  the  orifice,  the  discharge  per  second  is  a^2gh 
cubic  feet.    Let  A  ^  20  inches,  and  a  ^  1  square  inch,  then 

a  Vyh  =  v/(2  X  32-2  X  12  X  20)  =  v/16466  =  1243  cubic  inches. 
Since  a^lgh  is  the  discharge  per  second,  in  t  seconds  a  quantity  Q  will  be  discharged, 
such  that 


Q,=.aty/2gh,\tz=: 


a\/2gh 


(1) 
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liis,  therefore,  expresses  the  time  in  which  a  proposed  quantity  Q  of  the  fluid  will  be" 
delivered,  Q  being  expressed  in  cubic  feet. 

The  Vena  Gontxaeta.— The  foregoing  conclusions  respecting  the  velooity  witli 
which  a  fluid  spouts  from  a  small  hole  in  the  yessel  containing  it,  and  the  quantity  of 
the  fluid  deliyered  in  a  giyen  time,  haye  been  compared  with  many  carefully  conducted 
experiments.  The  most  satisfactory  way  of  ascertaining  practically  the  velocity  of  the 
discharge,  is  by  observing  the  altitude  to  which  the  fluid  spouts  when  forced  to  take  an 
upward  direction,  as  in  the  accompanying  figure.    If 

the  umfonn  velocity  of  the  issuing  fluid  be  that  due  to  ^ — I^^^V 

the  fall  of  a  heavy  body  from  the  surface  to  the  orifice,  '  iii^*"^H^S?^??T^ 
the  fluid  ought  to  spout  up  as  high  as  that  surface ;  and 
such  is  foimd  to  be  very  nearly  the  case.  We  might 
expect  that  the  theoretical  result  would  not  be  rigidly 
fulfilled,  but  that  the  height  reached  would  ML  a  little 
short  of  the  surface  of  the  fluid  in  the  vessel ;  because 
friction  and  the  resistance  of  the  air  would  act  as  op- 
posing forces.  But  there  is  another  cause  in  operation 
which  must  now  be  noticed.  ^_^^^^^^^ 

When  a  passage  is  made  in  a  vessel  for  the  exit  of  '^^BI^^B^^ 

the  fluid  contained  in  it,  the  equilibriimi  of  the  entire 

mass  is  disturbed,  and  motion  takes  place  among  all  the  particles.  The  instant  that 
the  plug  is  removed,  the  velocity  is  due  to  the  direct  pressure  upon  it ;  but  as  lateral  and 
oblique  pressures  all  round  the  hole  cause  the  neighbouring  fluid  to  flow  sideways  to- 
wards the  main  stream,  when  this  surrounding  fluid  reaches  the  aperture  it  does  so  with 
a  certain  velocity  transverse  to  the  direction  of  the  main  stream,  which,  in  consequence, 
becomes  slightly  contracted  a  little  beyond  the  opening.  This  contraction  of  the  fluid 
vein  is  called  by  Newton  the  vena  eoniraeta;  and  it  is  through  the  section  of  the  vena 
contracta  that  the  fluid  flows,  as  we  have  supposed  it  to  flow  through  the  orifice  itself. 
The  distance  of  this  section  from  the  orifice  is  nearly  equal  to  the  radius  of  the  orifice, 
and  its  area  about  iths  of  that  of  the  orifice. 

If,  therefore,  the  orifice  be  small— as,  for  instance,  a  gimlet-hole  in  a  cask— the  con- 
founding the  orifice  with  the  vena  contracta  can  occasion  but  very  little  error  in  the 
height  or  distance  to  which  the  fluid  spouts ;  but  a  considerable  departure  from  the 
truth  will  result  from  calculating  the  quantity  of  fluid  delivered  in  any  time  on  the  sup- 
position that  the  sectional  area  of  the  spouting  stream  is  A  instead  of  f  A ;  for  instance, 
in  the  example  above  the  quantity  of  fluid  discharged  per  second,  instead  of  being  124*3 
cubic  inches,  is  only  77*7  cubic  inches. 

If  the  vessel  be  not  kept  full,  and  the  surface  be  therefore  allowed  to  descend  the 
velocity  with  which  the  descent  commences  will  be  to  the  velocity  with  which  it  passes 
through  the  vena  contracta  as  the  area  of  the  section  at  the  latter  to  the  area  of  the  sur- 
fjEice  (page  195). 

Since  the  curve  which  the  fluid  spouting  from  a  small  hole  in  the  side  of  the  vessel 
assimies  is  that  of  a  parabola — ^the  same  curve,  in  fact,  that  is  described  by  a  projectile 
impelled  in  the  same  direction  and  with  the  same  velocity  as  the  fluid  at  the  vena  con- 
tracta— everything  connected  with  extent  of  range,  time  of  describing  it,  greatest  alti- 
tude, &c.,  may  be  determined  as  in  the  theory  of  projectilfes :  the  following  are  a  few 
illustrations : — 

If  the  fluid  spout  from  a  point  in  the  middle  of  the  upright  side  of  a  full  vessel,  the 
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tlie  middle  point  the  ranges  will  be  equal. 

£«t  A  tf  1^i^erttpd)fit  Aiff  of  the  ttiagd  pettlnfB.t^  af  ttsr  xnidSfe  pottitr  0^  sad:  also 

tttW6  i»oint8  D;  %  equidlBtiBait'f^xn  CI 

1*he  velocity  with  wliich  the  fluitf 
ifl&Uei  £rom  one  of  these  poitifs;  as  B,  is 
that  which  wotttct  1)e  acquired  iii'  f&ffiiig 
through  £1 D.  Since  gravity  acts  during 
the  whole  fall  of  the  fluid'  to  F;,a  par- 
ticle arriVes  at  F  in  the  time  that  a 
ttotfy  would' fkn  through  D  A. 

Sence  the  particle  at  D  has  a'  Ifori- 
zontal  velocity  that  wouTct  carry  it  for- 
ward through  a  space  equal  to  2f  B*  I)  in 
the  time  that  a  body  would  fall  from 
S  to  D ; .  consequently  we  have  only  to  ftnd 
how  often  this  tune  is  contained  in  the 
^  time  of  faU&g  from  U  to  A  and  to  xnuT- 
tiply  2  B  D  l>y  t^e  tcmilting  number,  in 
order  to  get  the  horizontal  range  A  P.    I^ow  the  times  of  faHing  through  any  flpa«ea  are 
as  the  BquAre  roots  ofthone  spaced  (DtNAiiiG?,  P^£^  ^^^)t  ^erefore  tlie  required  nmlti- 
fDA 


[lying  Humber  i* 


^ 


SB 


»oiuequentIy, 


Banga  AP  =  2BD  X  J^  z=  2  VBD.IJA.. 


I^  tJiercfore,  w\^  centre  G  a  Aetnicircle  he  deserihed  upon  A  B^  and  the  perpen- 
dicular D  F  be  drawn,  the  range  of  A  P  will  be  twiee  the  length  of  this  perpendicular. 
(Euc.  XIH.  of  TI.)     [In  the  figurCj  ^  should  be  mere  to  the  right.] 

In  like  manner^  the  range  of  tha  fluid  spouting  from  E  wiU  be  twice  the  lengtli  6i 
the  perpendicular  ££ ;  and  aa  thi^eo  pcrpcadicuhLra  are  equal^  being  equidistant  ^om  C^ 
the  tunges  from  t^  and  B  are  equals 

As  th^  perpendicular  GL  from  the  centre  C  is  the  longest  that  ean  Im  drawn  frem 
AB  to  t^e  arc  of  the  semicircle,  the  range  AH  '=:  2CL,  of  the  fluid  spouting  from  C,  ia 
tfke  greatest  of  all  ranged. 

These  theorerical  results  are  fiilly  coi:iflrmel  hy  e^^eriment  when  the  orifioeB  in  th*> 
yeaael  are  small,  ao  l^at  the  Tena  contraeta  may  be  AU^Bkilenlly  near  the  vessel  to  be 
t«garded^  without  Benaible  error^  as  at  the  orifice  itaelf. 

As  the  perpendicular  D  F  is  the  sine  of  the  arc  B  F,  we  aee  from  above  tlmt  the 
&Ari£ontal  range  from  any  on€,ce  ia  twice  the  sme  of  the  arc  of  a  eirele  whose  diameter 
IS  the  depth  of  th&  fluid,  and  whoae  versed  «ine  is  the  di]pth  of  Uie  orifid^e.  By  tbo 
depth  of  llie  fluid  may  he  understood  the  depth  of  the  honsontal  plane  on  which  the 
range  is  measured  below  the  upper  smface  of  the  fluid ;  for  whether  the  bottom  of  the 
Veaa^l  be  in  this  plsne,  or  be  raised  above  it,  makes  no  differezsee  ^  the  range  from  any 
orlEce,  measured  on  any  horizontal  plane,  is  the  same,  provided  the  diitanee  between 
^t  oriflee  and  the  surface  be  the  same,  whetlier  the  fluid  extend  down  to  that  plane 
oc  not. 

F£OBLiaf,-^A  fluid  issues  from  thfi  aide  of  a  vessel  through  an  ablique  jet^  iit 
determine  the  horizontal  range* 
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l«t  a  be^lhtf  ai^  of  dbMlioB  cfih^  j0l  ahow  the  kfluoBl^ 
oftfaegurfiaceoi^thflftMAabqwaliheoMAoa^  tibM.(Dsv*]fU%  pa9BiMd>th*Mi^.ff.0B 
the  horizontal  plane  through  the  orifice  will  b<)  r  :=  2A  sin  2a.    Thia  ia  greateat  when 
sin  2a  ia  greatest,  that  ia,  when  a  =  46%  the  range  then  being  B  :=  2A. 

The  Telocity  n^  which  ^  fluid  qouta  from  a  amidl  orifice,  aa  the  anrface  of  the 
flnid  deaoenda,  T^iea  ^i  1hQ.|%vre  roq(  of  the  height  of  the  aorfiMse  abore  the  hole. 

Bor&ee  to  the  orifice,  and  thia  Telocity  Tariea  aa  the  aqnare  root  of  the  apnea  iWo^ 
UuEoqgV:  t«|9m  ti»»¥elo»t3ET]|]9U^a^4>«  ^iW^e  wo9^ol^ 

9(ta^ediW>^^4^e^]H>nj[0At^  44tctio%i  of  ihf^  Tepsel  ai^  ^ifl  ^^4  i^.u^r  ^s  ^  >no;ce 
ffjUtoilffi^-  ^  ■QctlQnr-oc  tj^  «ariii|o«  of  tha  4flMr^  ^AJ  i^fiJ^tiQ^  t2>e  descent,  the 
9¥^  «lP Y^  ^*^  i^  ifM»«9«»i^.4i#^no^4roNlt]ie  Wf<^  t|MTaa9a)y.wi% 
fore,  will  the  Telocity  of  the  iaauing  fluid  be  retarded. 

But  if  the  horizontal  sectiona  of  the  Teasel  be  all  equals  theft  the  Telocity  of  the 
issuing  ^uid,  aa  likewise  thp  Telocity  of  the  descending  atpfaoai  will  be  unifl)imly 
retarded. 

For  let  y  be  the  Telocity  of  the  deaoending  sniflMM  at  any  instant,  and  v  that  at  the 

m^^  V9ti#w^ac(^Q£t||i»8Hx&peiff4Qo4ce  l^  A  w4.4.;  4m  fjmfi  19.^, 

^fom,  aa  abo(w»  aba^f*,  »  Tute  ••  ih»  aqn^BB;  pooi<  ot  the  spaa*  t^  brtusan  tba 
deaoending  smfiMe  and  the  oiifloe:  w^atay  p«t|  ^htDKJssev  •!/»  for  n, uifL  mte. 


^  =  >  =  'J1^=^^ 


Vy  B»ttW«  ?^*r  (3>\   M  *i*  W^M  Hi*  the.  ^nfi|i4  W>WWPa^oy  ftftveloci^ 

in  unifonnly  accelerating  or  retarding  foroea  (Dtkamigb,  page  184),  we  inftn  thai  the 
Telocity  Y  ieunHbrmlj  retfsded }  an4  wu»  « is  V  mwltiplied  by  an  inTaiiable  number,- 
we  conclude  tfast  v^  the  Telocity  of  the  spouting  fluids  ia  also  uniformly  retarded. 
Gonaequently,  the  Tolumaa  or  qiymtitiea  of  f  uid  discharged  in  equal  timea  decrease  aa 
fhe  numbers  1,  8,  5,  7,  ftif .,  taken  in  rcTerae  oi^.  (Dtmamicbj  page  134.) 

If  %  wwel  of  i»i|jifi^  l^Qrisi^ntirt  fwctvw  W  W  9osm^J  ^  ^^  twi^  ^ 

time  that  the  Teasel  would  empty  itself. 

J-W  tj^  i|ui;6v5^  of  ^  dfiUPWdJua  fl'W*  if-  W#w4y  ^fMeri  #*  fte  4iv4  r^n*  OT*r 

fpi^fefift  V*>hW  4wnb^  j^  ti^  ifpjg^  t^QMB,.  Wit*»  tJw  ^  vel*^  trf  it.  Wufrj^mlj  co^lr 

tj|pii]44iifqi44.b^tvifi^iihA%ctw»l  ivHPd^vi;^;  ^4^qiwt|^#piM^u^Wf 

in  the  one  case  is  double  that  discharged  in  ^hfi^  o^ffff^^ 

«iP9^  IMf  tawi}^  %9«^  <Hk»i9^  ^i^^^ 

Xfii  A  bo  thot  ai&a  of  ibt  hprifffutal  sfffftiniB  of  tiboi  ftiid.  A  the  ^'^'J**  of  tha  TeaseL 

inul^  tkewQ^oj^  tb^^ifiQcu  T^^^timww^tt^lf  ft»*Aft^fcvAirt4t*?4i^^ 

the  time  t  of  emptying,  if  the  first  Telocity  were  to  oentinne  uniiiuip«  WQ^  ^2^  ^^^^ 
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the  contents  of  the  yesBel;  tiiftt  ia,  the  quantity  would  be  2AA,  so  that  if  i^  be  the 
Telocity  with  which  the  6iud  would  then  unifonnly  issue,  we  should  have 

atvz=2Ah    .-.<=  — 
av 

But  page  196, ,  =  ^2^4 .-.  <  =  J  X  2jA_  =  ^^/ 2J 

which  therefore  expresses  Hie  number  of  seconds  occupied  in  emptying  the  yessel  through 
the  orifice. 

It  follows  from  this  expression  for  t,  that  the  times  of  emptying  cylinders  or  prisms 
through  equal  orifices  in  their  bases,  yaxy  as  A\/h.  If  the  bases  of  the  vessels  be  equal 
in  area,  then  the  times  vary  as  \A.  If  the  altitudes  are  equal  the  times  vary  as  the 
bases.  The  time  of  emptying  any  altitude  A  —  A'  of  the  vessel  is,  found  by  subtracting 
from  the  time  of  emptying  ihe  whole  height  A,  the  time  of  emptying  the  height  h' :  thua, 
since 

«     ^  !.•.<- r  =  ^(v/A-t/;i')t/-   ....   (1) 

and.  =  V?^'  '  ' 

a       g  ^ 

the  number  of  seconds  elapsed  during  the  descent  of  the  sur&oe  of  the  fluid  from  the 
height  A  to  the  height  A'. 

The  time  in  which  the  surface  would  descend  from  the  height  A  to  the  height  A',  or 
the  time  in  which  the  iuid  occupying  this  interval  would  nm  out,  if  the  vessel  were 
kept  constantly  full,  by  equation  (1)  page  196,  is 

ay/lgh-^    a\/<2gJi       '     •     •     •     V^;- 
Hence  the  time  of  discharging  the  proposed  quantity  Q,  when  there  is  no  supply 
from  without,  is  to  the  tune  of  discharging  the  same  quantity  when  the  vessel  is  kept 
constantly  full,  as 

If  the  quantity  Q  be  the  whole  contents  of  the  vessel— that  is,  if  A'  be  zero— then, 
the  times  of  discharging  the  vesselfiil  of  fluid  in  the  two- cases  are  as  2  to  1,  as  already 
inferred  at  page  199. 

In  order  to  test  the  accuracy  of  the  theory  by  experiment,  (1)  is  the  most  suitable 
formula  for  the  purpose,  since  the  time  occupied  by  the  sur&ce  in  descending  from  one 
level  to  another  can  be  correctly  obseryed ;  but  the  instant  when  the  last  portion  of 
fluid  escapes  cannot  be  accurately  noted,  for  when  the  vessel  is  near  exhaustion,  the 
fluid  ceases  to  fill  the  orifice,  and  is  discharged  in  drops  from  the  edges  of  the  hole.  The 
time  occupied  by  the  surface  descending  through  a  certain  space  is.found  to  agree  very 
closely  with  the  theoretical  expression  for  it. 

The  Glepaydrft. — The  clepsydra,  or  water-dock,  is  a  contriyance  for  measuring 
time  by  the  descent  of  the  surface  of  water  in  a  vessel,  the  water  flowing  through  an 
orifice  at  the  bottom.  The  most  convenient  form  for  the  vessel  is  that  in  which  the 
surface  descends  through  equal  vertical  spaces  in  equal  times.  This  form  may  be  deter- 
mined as  follows: — 


Digitized  by 


Google 


THB  OLEFSYDRA,    OK  WATSK-GLOCX.  201 

-  Lot  the  altitude  of  the  surfaoe  at  any  instant  be  «,  and  the  radius  of  the  surfkoOi 
that  is,  the  corresponding  ordinate  of  the  generating  corye,  y.  Then  the  velocity  at 
the  orifice  at  that  instant  is  ^2g»  (page  196),  and  the  area  of  the  AtmtwnMrxf^  suiiSMe 
vy\  where  w  =  31416.  The  velocity  Y  of  the  desoending  auifue  is  found  by  th« 
theorem  at  page  195,  which  gives 

iry»  :  a  : :  V2jr«  :  V  =^^V^x 

where  a  is  the  area  of  the  orifice. 

Since  the  surface  is  to  descend  unifbnnly,  V  miut  be  a  constant  quantity,  which  can 
be  suitably  assumed  in  reference  to  the  whole  time  of  emptying :  putting  c  for  this  con- 
stant, we  have 

This,  therefore,  is  the  equation  of  the  curve,  the  rotation  of  which  about  its  vertical 
axis  X  will  generate  the  sur&ce  of  the  vessel.  This  generating  curve  is  a  parabola  of 
the  fourth  order. 

But  the  surface  need  not  be  a  surfkoe  of  revolution,  or  one  having  all  its  horizontal 
sections  circles.  They  may  all  be  rectangles.-  Let  the  sides  of  the  rectangular  section, 
at  the  altitude  x  from  the  base,  be  y  and  ^,  then  the  area  of  that  section  is/7y,  and  we 
have 

80  that  if  ^  be  the  same  for  every  section — that  is,  if  the  rectangular  sections  have  all 
the  same  breadth— the  curve  bounding  the  vessel  towards  the  lengths  of  these  rectan- 
gles will  be  the  conunon  parabola. 

The  Sesistance  of  Fluids,— All  bodies  moving  in  a  fluid  are  impeded  in  their 
progress  by  the  resistance  of  the  fluid,  which  must  itself  be  moved,  in  order  that  motion 
may  take  place  in  the  immersed  body.  The  resistance  to  motion  in  the  fluid  is  of  course 
mainly  due  to  its  inertia ;  Action  and  the  tenacity  of  the  fluid  add  somewhat  to  the 
resistance,  but  the  retarding  influence  of  these  is  too  inconsiderable  to  render  the  con- 
sideration of  them  of  much  practical  consequence. 

It  may  safely  be  assumed  that  the  resistance  on  a  plane  sur&ce,  moving  with  a  given 
velocity  through  stagnant  water,  is  the  same  as  when,  the  plane  being  at  rest  instead  of 
the  water,  a  stream  moving  with  the  same  velocity  acts  against  it. 

If  a  stream  act  perpendicularly  against  a  plane  surface,  or  if  the  sur&ce  act  against 
the  quiescent  fluid  by  moving  perpendicular  to  its  sur&ce  through  the  fluid,  the  resist- 
snce  wiU  be  as  the  area  of  the  plane,  the  density  of  the  fluid,  and  the  square  of  the 
velocity  conjointly. 

For  the  velocity  v  of  the  stream  being  regarded  as  uniform  throughout  the  whole 
depth  of  the  plane,  the  resistance  is  the  same  at  every  point  of  the  plane,  and  therefore^ 
other  circumstances  being  the  same,  it  is  proportional  to  the  area  A  of  the  plane. 

But  the  quantity  of  fluid  matter  striking  against  the  plane  in  a  given  time  is  pro- 
portional to  the  density  and  velocity  of  the  fluid  conjointly ;  and  this  quantity  of  matter 
strikes  with  a  velocity  t^,  and  therefore  with  a  momentum  equal  to 

quantity  of  matter  X  ^* 
Hence,  D  being  the  density  of  the  fluid,  the  reslBtance  of  the  area  A  varies  as  AD«>. 

If  a  body  were  to  fiedl  by  the  force  of  gravity  till  it  acquires  the  velocity  v  of  the 
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9tre9m,  tbe  q^Aoe  ^en  tErougb  wAuld  Be  « i;;  |  ~  (DTNAMicSy^a^,  X^iX't.  tbisj^th^r^ 

TCii8teo»i«ne»a»1ii»wej|gfeil(^ » eokim» of  1il»  fluid ivbose. bcwt  is  tii9« aroa>ef  tie 

plane,  and  altitude  the  space  through  which  a  heayy  bedy  iaiifltlUl(k>a«4«^th»''?«lo< 

city  of  the  stream  or  of  the  moving  plane^ 

The  force  with  which  a  stream  acts  perpendicularly  upon  a  plane  opposed  to  it 

obliquely,  varies  as  the  square  of  the  sine  of  the  indinatton  of  lite  ^aae^to  the  stoeani^ 
Let:AB'nMbLNV»nctioB»«fitli6  phweand^stareMi^  k»thedii«eli^»tol*the-ktt«r; 

dnvvn  A  e  in  tha«  c^ipectioii,  meet^' 
ing  B  G  perpendiculbp  to'  AB  ift 
C;  draw  also  B  D  perpendicular 
to  AC. 

Now  the  quantity  of  fluid  act- 
ihg  ag^ainst  AB  ii9  the.  same.as 
that  which  actis  perpendicularly 
against  P  B;  it  varies,  there^ 
fore,  as  the  Tejagth  of  B  D ;  that 
is,  as-  Hie  sine,  of^the  a^gle  4- 
If  the  velocity  wifA  which  thi^ 
quantity  moves  in  the  direction 

of  the  stream  be  represented  by  A  C,.  tiie^  B  C  wiM.  repreaemt  the  velocity  with  which  it 

moves  perpendicular  to  A  B ;  and  just  as  B  D  varies  as  the  sine  of  the  angle  A,  so 

dMs  BC  ^unry  as  tike  swo^  tha-  angl&  A,^  henoe  tik»  ftnrae'witbwMch  the* stream  wto 

pn^cndwaliBrllp  u|K»m  tiie  p]ttia>  wwies  Mr  sln3  A. 

The  force  impelling  the  plane  in  the  direction  of  th»  s<flrMBkvai>iiM  m  tito  eu^ofl^ 

suMcoltbe  ki^nuition  of  theplvM  to  that  £feotkm. 

LatBO,pttpenditiilarto»AB,repfe8eirtthe>feroe*on  ABpenpendfetdar  to  l»;  tlhik 

viipbarwoLired  intoi  two  fwoes 

BBvDQtiMilatkapCkQinttie        ^        ^  Q^ 

dinactMn  ti  the  itsMun,.  aasd<  tht 

former  B  B  perpendicular  to  that 

6mBdaon,  l^EfnrI>€„1bafi>ioaiitt 

tk9)diNfitioR.«£  thftsteam^  xtoam 

as  BO  sin  BBC,  that  kas  BO  am 

A;  \eal^m  nkomrnehof^  BiC  ife. 

aflttvaoics  aaaia'  A^  thtraftte  iIm 

faicMQ  the  dirwtiaftQf  thMtmaa 

varies  as  sin' A. 

Xhk,  of  oowm^  is  on  Hie  afti 

nmpliaD  tlMt  ihm  otilier  anqp** 

ncnt  of  ths^  loMB  •£  ttie  rtieaiD  w  iltai  Mni  ilhreftf oB^wiMe^ 

bjr  EAr  in  the  dirootioB  oft^^pUme  ^^dm-is  of  no  eib«t 
ThQ fom* Bli),. pcrp«id«»ljBr to  the  steeam,  ii «» 

the  force  with,  which  tiia  t^fi9m[ifaBipsikBtakok^^ftu^nf 

dicular  to  the  stream,  varies  as  nnjk  A  eos  A. 

ItowflihQobBenreiiLdialititiMiiMregpelbt  pK^MNDtftona  tb9  pbiM  i^ i«g«4ed ••  tnd 

ii^kiki«c«if»9rtii«>ibnittQf.the  sizMm,,  ov  •!» 
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plane  as  moTing  thioiigli  it  If  bcth  betegaidetf  m  vofixig  In  the  Mine  or  in  oppoiite 
dIkwticAufi  tteit'tlte'  fisIiNAJf  'ipoiSen'efl&ltoiWMUBV  ^  emnkftnA  ai<fcyHBimw>  wltotFlyy 
thaf  ii^  il  ilrtil9  ^BSf6t€m(»  o§  Ifie  TelooftibB'if'1fi«  p^MV  nd'athMm  niFre  &  tfle<aave 
direelSoii!^  fldd'Ad'Mfflt or'thetvIbeltieB  if'fkey  ne^ di* tlfiv oppuailfti ttuMtRiu  ^Rus^ 
2PT  NB'th»'reibdt]f^flf^tIie'  strain,  and't>  tfte  "wlbeiff  of  a  HSotMiomi.  of  n  tmdbnhot 
wateit-wBei^,  tfentBe  perpebdfeiiIar'preflrar»OB  Ifteflbat-Beai^will'T^     (¥ — v)*. 

mie  student  has  ah^ady  heen  apprised,  at  the  commencement  of  Iftvpreaentf  Vritf 
tmct  on  the  motion  of  incompressible  fiiiid^;  tfiat  Ifie  raralte-  of  tfttermsAemstlcalf  theory 
often  require  considerabre  modiftcatibntorrenderthem  accoviknlf'wilh  aetnal' experiment. 
Tliis  arises  from  the  difficulty  of  aasigniiig^  correct  rahiai  tb  all' tHe  cSrcmnstancer  attend^ 
ing  that  motion.  We  haye  seen,  in  tl^atfaig  of  flnidff  spouting  from  an  orifice,  that 
obeeryation  has  discoyered  that  the  orifice  is  not  the  nazrowest  channel  through  which 
the  stream  uniformly'  fibrwv,  and  consequently  tUst  tRe  yelodty  there  ik  less  than  at  lAw 
,  Tena  contracts^  whicfi  ou^t  thereibre  to  be  regarded  as  the  true  oriSce. 

It  was  found*  By  Ifewton  that  the  yelbcity  at  the  yena  contracts  is  to  the  yefodt^of 
Hrr  oiffice  as  y^  tty  I ;  and  since,  ih  fklling  bodies,  the  spaces  passed  through  are  as  the 
squares  of  the  yelodtieB  acquired^  it  follows  that  ^e  space  tc  be  iallen  through  to  giye 
a  body  the  velocity  witil  which  the  fluid' spouts  from  the  orijiee,  iir  only  half  the  space 
necessary  to  giye  the  yelbcity  at  the  yena  oontracta  ;  that  is,  the  yelbcfty  at  the  orifibe 
would  be  acquired  by  a  body  fidling  through  only  half  the  altitude  of  the  surface  aboye 
the  orifice. 

In  like  manner,  in  treating  of  fluid  resistances,  the  commonest  obsenration  shows 
lAsta  stiream  impinging  upon  a  plane  surfHice.  cannot  haye  the  fhll  eif^ct  which  tSteory 
ffifiignB'.  The  yelodty  of  the  stream  is  to  a  certain  degree  impedbd  By  what  may  be 
tenned  the  bac&- water ;  moreoyer,  the  yeTodly  is  not  in.  general' the  same  at  aS  dfepths. 
Yctthe  results  of  theory  may  usually  be  appKed'wilh  safety  in  the  eompariaon  of  dlflferent 
siimlbr  cases :  fbr  instance,  the  oomparatiye  results  as  to  quantity  of  fluid  ^Jscharged^ 
tEme  of  empt^^ihg,  £c.,  from  equal  orifices  in  two.  dHJEorentyessels,  disregarding  the  yena 
eozttract&,  would  accord  yery  nearly  with  experiment,  iloid,  m  H&e  manner,  fihid^ 
pressures  may  be  relatiyely  estimated  and  computed  from  theory :  fbr  mstance,  though 
theory  may  assign  an  erroneous  yalue  for  the  effect  of  a  stream  upon  the  rudder  of  a 
ship,  yet  tiie  position  of  greatett  effect  as  deduced  from  theory  may  yery  weU  accord 
with  actual  obseryation ;  so  the  effect  of  a  stream  of  water  upon  the  floats  of  a  water- 
wheel  may  be  incorrectly  assigned  by  theory,  and  yet  the  degree  in  which  the  yelocity 
of  the  wheel  should  &11  short  of  that  of  the  stream,  in  order  that  the  greaUti  effidct  may 
be  produced,  is  found  to  be  yerified  pretty  dosely  by  practical  experience. 

To  detennine  particular  yalues  fiir  the  unknown,  or  arbitrary  quantities,  which 
enter  into  a  general  expression,  so  that  for  those  yalues  the  expression  may  be  a  maxi- 
mum or  a  minimum,  requires  the  aid  of  the  differentioL.  calculus.  But  in  ihib  two  cases 
mentioned  aboye,  the  principles  to  be  employed  ai«  so  elementary,  and  the  knowledge 
required  of  that  science  so  trifling,  that  although  in  general  we  are  interdicted  from 
using  the  calculus,  we  shall  giye  the  two  problems  adyerted  to  as  a  conclusion  to  the 
present  portion  of  our  subject.  We  may  premise,  howeyer,  that  in  order  to  determine  « 
BO  that  any  expression  of  the  form 

A-|-Ba!-|-Ca»-|-D«»  +  &o (1) 

may  be  a  maximum,  all  we  haye  to  do  is  to  disregard  the  term  independentof  »— that  is, 
the  term  A—to  write  down  all  the  other  terms,  first  conyerting  each  e^ponmi  of  x  into 
a&ctor,  and  writing  each  exponent  a  unit  smaller ;  thus 
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B  +  2C»  +  3Da;2  +  &o., 
and  then  to  equate  this  ezpresBion  to  0 :  that  is,  to  solve  the  equation  B  -{-  ^Ox  -)-  3D«^ 
-)-  &c.  =:  0.    The  value  of  Xy  necessary  to  render  (1)  the  greatest  p^ossible — ^if  it  eon  be 
made  the  greatest  p6ssible  for  any  value  of  x — ^will  be  found  by  solving  this  equation. 

Pboblek. — To  find  the  angle  at  which  the  rudder  of  a  ship  must  be  inclined  to  the 
stream  so  that  the  effect,  in  the  direction  perpendicular  to  the  stream,  may  be  the 
greatest  possible. 

It  has  been  seen  above  that  the  effect  varies  as  ' 

sin'  A  cos  A,  or  as  (1  —  cos'  A)  cos  A  ^  cos  A  —  cos-^  A  ^  a?  —  «* 
where  se  is  put  for  the  cosine  of  the  required  inclination. 
Since  se  —  afi=z&  maTimum 
.-.  1— •3a;2=0    .•.«  =  v'i 
hence  the  angle  whose  cosine  is  v^i  will  be  the  inclination  necessary. 

Fboblem. — ^The  velocity  V  of  the  stream  being  given,  to.  determine  the  velocity  v  of 
an  undershot-wheel,  so  that  the  greatest  possible  effect  nmy  be  produced. 

The  pressure  upon  the  same  area  of  float-board  will  vary  as  (V  —  v)'.     As  this 
pressure  moves  with  the  velocity  Vj  the  effect  will  be  greatest  when 
(V  —  f?)*f>  =  Vi;  —  2Vv»  + 1>*  =  a  maximum ; 
in  order  to  which,  the  unknown  quantity  v  must  satisfy  the  condition 
V*—  4Vv  +  3v»  =  0 
The  solution  of  this  quadratic  gives 

t»  =  V,  andt»  =  JV 
The  first  value  of  v  renders  the  proposed  expression  a  minimum :  that  is,  the  least 
quantity  of  work  is  performed  by  the  wheel  when  it  moves  with  the  same  velocity  as 
the  stream — which  is  obvious :  the  other  value  of  I'is  that  which  renders  the  expression 
a  maximum ;  and  shows  that  the  greatest  amount  of  work  is  performed  when  the  wheel 
moves  with  a  velocity  equal  to  one-third  the  velocity  of  the  stream.  But  for  the  prac- 
tical effects  of  water-power,  acting  through  the  medium  of  water-wheels,  and  other 
hydraulic  machines,  the  student  is  referred  to  the  treatise  on  PsAcncAL  Mechanics  in 
the  present  volume. 
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The  fluids  treated  of  in  the  foregoing  articles  are  all  regarded  as  inelastic  or  incom 
preasible  fluids :  it  remains  for  us  to  devote  a  few  pages  to  the  consideration  of  elastic 
or  compressible  fluids.  The  most  important  of  these  is  the  atmosphere  with  which  we 
are  surrounded ;  and  it  is  an  especial  reference  to  this,  that  the  examination  of  the 
mechanical  properties  of  elastic  fluids  is  said  to  belong  to  the  science  of  I^tmatiet-^ 
from  a  Greek  term  signifying,  the  air  we  breathe. 

Traniwnlfntion  of  Pyeaame;  Coaapyetaion. — The  mechanical  properties  of 
elastic  and  inelastic  fluids  are  in  many  important  particulars  the  same :  the  fundamental 
principle  in  Hydrostatics,  for  instance, — ^namely,  that  a  pressure  applied  to  the  sur&ee 
of  a  fluid,  is  transmitted  undiminished  in  all  directions  throughout  the  entire  volume  of 
the  fluid, — holds  equally  whether  the  fluid  be  elastic  or  inelastic ;  and  in  both  cases  may 
be  put  to  the  test  of  experiment  in  the  same  way.  If  the  piston  A  at  page  162,  play  in 
a  metal  cylinder  projecting  into  the  interior  of  the  yessel,  and  the  piston  be  forced  in- 
wards along  the  tube  by  a  pressure  or  weight  of  1  lb.  say,  it  will  advance  under  this 
pressure  along  the  tube  and  then  stop :  and  it  wiU  be  found  that  an  additional  pressure 
of  1  lb.  must  be  applied  to  the  piston  B  to  prevent  its  being  forced  out. 

In  the  case  of  a  liquid  the  only  eflbct  of  the  pressure  on  A  is  the  transmission  of  it 
to  every  portion  of  the  surface  of  equal  area.  In  the  case  of  the  air,  there  is  another  and 
a  distinct  effect  observably  produced — ^namely  the  compression  of  the  fluid  into  smaller 
volume ;  and  it  is  found  by  experiment  that  tiie  volume  dimimshes  just  as  the  pressure 
increases :  in  other  words,  that  the  space  into  which  any  quantity  of  air  is  forced  to 
compress  itself,  is  inversely  as  the  pressure  applied.  How  this  truth  was  ascertained 
we  shall  explain  presentiy :  it  is  necessary  first  to  establish  the  £act  that  air  has  weight. 
It  is  possible  to  conceive  that  a  substance  like  air  may  have  the  property  of  transmitting 
pressure,  yet  that  it  may  not  itself  be  a  pressing  or  weighty  substance. 

EzpezliBLei&tal  Proof  of  Atmoaphevie  Fieasiured— But  that  the  air  ex- 
ercises pressure,  may  be  proved  by  manr  easy  experiments:  the  boys'  sucker  is 
familiar  to  everybody.  This  toy  consists  of  a  piece  of  leather  with  a  string  passing 
through  a  perforation  in  the  middle :  upon  being  wetted  so  as  to  exclude  the  air,  when 
it  is  pressed  dose  to  a  smooth  surface,  it  is  found  that  considerable  force  must  be 
applied  to  the  string  to  detach  the  sucker ;  and  if  the  surface  of  it  be  large,  a  stone  of 
considerable  weight  may  be  thus  lifted.  What  is  it  that  thus  presses  the  sucker  and 
stone  so  firmly  together  ?  We  are  compelled  to  answer  the  aiTf  which  surrounds  them 
both  as  if  they  were  one  body.  Before  the  sucker  was  applied  the  air  surrounded  it: 
the  pressure,  if  any,  was  alike  on  its  upper  and  under  surface :  but  when  affixed  to  the 
stone  the  pressure  on  the  under  surfEuse  of  it  was  excluded,  while  that  on  the  upper  sur- 
face remained  the  same ;  and  as  an  equal  pressure  is  exerted  on  the  oorxespondiag  area 
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of  the  under  aurfaoe  of  the  Btone,  the  two  are,  ae  it  were,  fhns  pinched  or  pressed 
together. 

Again ;  talre  a  glass  tube,  a  foot  or  two  long,  open  at  both  ends,  and  therefore  full  of 
air ;  plunge  one  end  into  a  yessel  of  water :  Hien  we  know  from  the  first  principles  of 
Hydrostatics,  that  the  level  of  the  water  will  be  the  same  both  outside  and  within  the 
tube.  Let,  now,  the  air  in  the  tube  be  drawn  out  hj  the  mouth,  or  pumped  out  by  a 
maohinb  fitted  for  the  operation : — ^the  water  will  be  seen  to  rise  within,  and  at  lengtH 
to  fill  the  tube;  and  if  the  thumb  bev4liidk](f  imiliflfi  to  the  top,  so  as  to  preyent  the  re- 
admission  of  the  air,  tbe  water  thus  filling  the  tube  will  remain  suspended,  just  as  it 
would  do  if  an  additional  column  of  water^if  the  same  height  as  the  unimmersed  part 
of  the  tube  pressed  upon  the  sur&ce  of  the  water  in  the  yessel.  In  the  absence  of 
tlHa4iAiitioBaLeobann>  of '.agatay,  whatis  it^that  jiustains  the  water  in  the  tubei  We  a«B 
again<aDampalled>ie  »anawafi»  the  jrossujeiof  the^air  ^ehicb  si^pplies'its  place. 

TKa4aYeihexe»«||ipQS(Bd  the  tabe4»  be  on^y-aiootor  two^ng  forxH)nyenience,l>at 
•aaeftil  renpevimeBt  baa  psovied  ^tiiat  Mrith^A  iuberOf  sufficient  extent,  exhausted  of  air, 
ihe%ivatervwi>uld  not  MBno^io  gise4rUl  it  had  ^ttainefiibe  elevation  of  about  .3^  Teetj 
which  limit  attained,  it  would  remain  jtotioiuu^.  -DnrthisJUufge  scale'the  expenmenfc 
lisa8iai8(nia%iptfBfitimid»i&  1647  Jiy  ibftflelflhtatftd  ^Paical .:  Jhe  ^acnxediglass  tubes  ^loseH 
ati 0BeTati4,'0f  Hfoity.^aet .leiig,  laadiouad  ,that  ;if hen  ^llad  jdth mater  in  a  Be^  fiye^;, 
andiihenitBiaedtiiraticaliljyM^itberepea.eQd  £uid ceased  to  fall  when 

ip«teriin\tl>ft?tBbe>rtoftd-<t»ab«at  SaMitglmhdBQt  ^ixich6s>&omtthe< surface  of  thcriyer. 
Tins  MoqwiimAitrcdfNrlyjpBaf^  that  the  jira^^  of -the  iwbole.atmofphere,on  ai^y.sur- 
&ceflins&dqiuaLio  the|piesBiUe<;«if  «  coliuan  Af  ^ater  32i^etJbiu;h  en  the  same^urfaoQ. 
And  jdms  m«is<«atisfaclfaoi%  duM«n  auit  'oi4y''that  air. has  nee^tf.hut  what  amount  of 
awiigfat >iwasiiwiMrtni«n4,  l>y>ft,gWBn> area<of 4he ^ujface.gf  ihe^eaoth^isessed  lyion  l^y  the 
fltnwsplieiiG  ^oi^amaiafutiMg  riipdnJt :  (the  fwejght  anstained  ffeould J^^c^ual  to  that  of  a 
column  of  water  on (theuSMaeiasM  abgMt.3^rfaetih}gh . 

'.Thbtmm^  rfloaohisien^iariohtaiiied'With  a/mooBOuaiu^gQahle  .lei}ig^«tQf  tube  i^y  using 
Anrouaymisttfadr^f  wilier.  lAad  4jl Hkia  mtff  Jhceagierimeut .bad  been  tned  j^eyioualy 
t^  XEonnieUi,  «ftd  i it  is  ihAee  .iiaUed  rthe  ^XensicelUan  .eag^^inent  :-*Tit  iad  to  Jhe  tin- 
afsnlioDf  9£'£kB  bveouitsfe.  Mhtm  ia.tci2hetahoot  .thsee.feet  in; lfiI|gt]^^.and r.dosed^t  oxxe 
«iid,iiK(fillaiinith>n«»ttry,  and  Itei  invw:ted<ia  a  ,hasin^0f  ihat  fba^  the  colnnmiif 
aBeBem^idKMimupeDded  iia4hertuliB4s  fiaund.to>he  abeui.29rin^  ahoye  the^auxface,; 
jndtaBOMiteinyJiBiabodt  imjitimfle  Ahe*WiB>ght.9f  ibft,Bgine  yohimeof  iKatei;,  we  ardTe 
Btihe  laame  iBsidtr*«Mmfl)y, vdttt 4he  jpiaatnse a£  ihe.  atmoHHphfflre  on  any late^is  itbe 
9ame  as  the  pressuBBidfidueoliuim^af  «(ator.an,that.jffeaxif  shout.the^hi^ht 
4IBMJ^  iB«has=uBhemti3tt.  fbat. 
.Aki  rexMt>(coBBa^aflBnfle  dbotnreen  the  >aesuUs  «f  >4nuh  .eapesiments  joade  at  .wide 
antanwala aTi.tiiae  aaostmdtAe  eipeoted,ibf«aasetthe  wajghtof  theartaaaosphere^uctpatey, 
diikievtheiDtfaD0rjdiiang»s,nnitBacoaiiiiib  (Xherayen^ihelght^ef  .thejaenmiaalxoluiniuia 
«banBti80iiiahes,:4h«}osdniaryaEBQ(9e  ibeiig  .betwwMLi28iiochfis  and^lJofiheii;  yjuaH  aa  20 
xouhio  dnehts  laf  cmercarymigh  eiltoit  rl^lb.ra^79'<4Quare>iAoh  of  the  ,8or&ce4)f  JUha 
i«arth,atjtfae4fevsl«of(iberaaa,isnBtaiae,Min1ihe  avanige,(16]h.  af.atmoiyiherioiyseflsnne. 

'JWWSfatusfi*  iVoilan»erof>^MK»«-tBe8iJiee(tbe;^gomg:m^9thj^  of  tpn)Yi^g4hat 
like^qfUeiataioi^InsB  axflnhsA9nss8nteiupaja*the,J9l#be,ofvihe.earUi.eftual.to  that  whiiih 
«N«>uld>be£8xastsd'.byia  aea;<^«eBattiy;ao.dn«hMijda9pyieoyeii9g4ts  entire  ^suiiu^,^  doGL- 
-iiilexpoBtioniofdieaafralbovt.iiajmiyi^jtakm,Gaa4,ilte  siateiial  JubalaiM^«be 

saatuttytwraikadtiniS  hilaMa. 


Digitized  by 


Google 


JLAW^eW 


tar 


iM*h  vsMtl  eoBtaiaiDf  A^ubic  fixyt,  thatisaOOO  ounMi,  of  inter  be  proridad  witk 
«(|tl||HeotiMOW4Ped  upasiAU^mk,  JCbit  vmmI  ga^y  >be>  exhemted  Af  its  air.V  aid  olT 
itiie««irrp«D|p, «  JBMbioe^ldok  ^nll  be  heiieaiEler  deicribed.  iQiui  ei^ptLe4,  and  ihe 
M<(p«eflk  <elo«id  ^o  •«•  4o  tpwveHt  4be  ^readmiMioB  ef  4uy,  Jet  tbe  leiiel  beraccuntely 
4Ni^iiii/«  ir«t7*Miiiible  balaaoe.    j(See  8sa»g%^4^  lilj 

^Wihtti4he  jgiMot  eoiiBteipeMfrie  thus  feertaMie^  lettheitqp^ioookrbe  gpenedrAiiH  Chft 
4ttr  adlisiitted  iute  Hkewmulki  *tbe  .veMel  tbue  Med,  witb  tbe  stqp-oock  ^gain  olosed  to 
cut  off  all  external  pressure,  will  be  seen  at  once  to  ,]ir«ponHeBate,  and  we  sbatl  ilnH  It 
hMiHWHjy  to:|)ttt«bottt  683{grai]ia  of  additional  weight  in  the  other  aoaloipan  to 'restore 
4ite<qwUbrtiiMH;  .IhiwKwhowii^  4h«it  a«ubic«foet  of  air  At  ibe  anu&ice  of  ihe  earth  wejgha 
about  623  grains. 

We^eaanet,  ^  'ee»ni»,»gpealL.aeeimrtaty  -as  to  a  ibw,grain8  more  orles^,  ^utlt  witl*be 
always  found  that  at  least  an  ounce  more  weight  will  be  required  to  oounterpoiaeihe 
•itefeei  1krb«ft£iU  .of 'tir^lian'vcaa.rqjuirad  before 'the  air  was  adm^^ 

It  k4n«tltts  iri(y  tteeilained  that  when  <ibe  barometer  stands  «t  '3D  inches  and  the 
4«tatpeiatoBe'Of  42ie  ai»  ia>62°  of  Fabienbeiifs  ihennometec,  .the  weight  o?  water  Is  to  {he 
WQigbt  (ff  an  edual'Vekwie  of  the  air  asound  us  as  840  to  1. 

IMr4ii'>XMtlRil4e.—Haw)gihuB  established  the  truth  c^  the  frQposilion  that  air 
Jms  'wein^  we  m^j  aow.  proeeed  to  'e^kin  the  way  in  which  ibe  .law  olf  IKarriotte, 
Umbm^,  that  4be  ^T^omea  dnto  which  «air  nu^y  be  con^pressed  are  inversely  as  'the  pres 
utreB  ly^liedy  ]S*«rri¥ed  at. 

Let  DAC  be  a  bent  tube  of  eq<iiairbore  throi^bout,  or  atleast  equally  widetfa):oughQut, 
4be«hoiter  >¥6stisall9g.  'ConoeiTo^ibis  tube  to  be  at  first  Qpen  at  boSi 
oAlidt  G«uid>i;i,i«ML^lA  .aUittle  .mercui^  be  ,poured  in,  so  as  to  M 
4he4Midiof«4be4ttbe;  tbe^Isvel-of  themesoury^t  A  and'B  will  be 
i«t  the^Bame<b#ght;AB  iA>eaob^tube,  howeyer  ^(iasimilar  the  two 
portions  of  the  tube  may 'be  (Hydbostatigb,  page  187).  Nowlet 
the  end  G  be  dosed,  and  let  VnA.  a  qubtity '4f  mflrffixy  be  poured 
in  at  D  as  .wiU.oansB4be  suiiaGe,  originally  atC,  to  rise  to  JBl',  half- 
way between  B^and  C.  Ifpon  measaring'the  additional «olumnof 
>itieteuiytbaB  intxoduoedinto  tbe  tube— that  iy^^havii^  previously 
marked  the  level  Oiof  ^'-wf  wie  now  marktbe-leirel  E  «wben  the 
<4tirfiMeBhasvcisen^*B',  we.shaU.flnd  .ibat  tbe  length  of  the 
'aQicuiialweohaDn\0£  is.exaoUy.%9ual  4o  that  of  the  meicuiial 
coha&n  -(as-shown iby. the  barometer)  wdiioh.iepresenAs  the  weight 
^of t^^tfBOfphue.  4rhe  inieienoe  ris  ibis :  when  the  surface  A 
•nstained'theipBeMue^ef  ^yibe  ^column  of  airotboveiit,  the  air 
<in4he  shelter^  oeei|piedthei^ao&^Bjt[;the^air.in.BG  was  thus 
-"(ftipptesa^'iato^be  rvohime it-then^  had,  iinvply  \j '  the  weight  of 
ibe^atmoiphere'^iplied  towards  .tothe^surfiaoe  B. 

But  when  the  wMght  of  two  atmospheric  columns  pressed  on 
•thesuiluie  B,'tbat'isy<the  weight  of  the  barometric  eoluimnof  mer- 
stt^'in  -addition  ^to  the-atmo^heEe,  then  the  volume  of  air  in  BG 
-eceq^ied^only  half  ^the-Qiaee,  inamely,  B'<C.;  that  iK,  the  original 
'Volume^wasnecqipieesed  .by  the  ^able  ^piessure  into^Aa^^  its  fomner  .^bulk.  .j^gainr^ 
another  eelumn  efmercwry  be  ipoured  into  the  tube  at .  D/till  the  jdr .  in  .iheother  Iqg 
•eoeiipies  o^y-.OBe- third  of -its  original  volume,  we  shall  find  that  > the. height  of  the 
entire  colmmLof  >aDeecn|y,  tmeawiring  the  difEierenoe  of  .the  levels. in  two  1^,  is  iwioe 
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that  of  the  barometric  column ;  bo  that  the  air  in  B  C,  when  pressed  upwards  by  the 
weight  of  thr$e  atmospheres — the  atmosphere  itself  pressing  on  the  upper  surfkce  of  the 
mercury  and  the  double  barometric  column — ^is  compressed  into  one-third  of  its  original 
Yolume.  Eesults  in  harmony  with  these  are  always  found  to  follow  whateyer  fractional 
portion  of  the  whole  atmospheric  pressure  be  applied,  and  thus  the  law  is  ezperimentaUy 
established,  that  the  yolumes  into  which  air  is  compressed  by  pressures  are  inyersely 
as  the  intensities  of  those  pressures.  And  this  is  only  saying  that  the  densities  are 
directly  proportional  to  the  pressures. 

As  it  is  the  elastic  force  of  the  condensed  air  that  thus  balances  the  additional 
pressures,  we  further  infer  that  the  elastic  force  is  proportional  to  the  density  or  to  the 
force  of  compression. 

A  form  somewhat  more  mathematical  may  be  given  to  the  foregoing  account  as 
follows  :— 

The  mercury,  at  first  poured  into  the  tube  at  D,  standing  at  the  same  level  A  B  in 
both  legs,  and  the  end  C  of  the  tube  being  then  closed,  the  space  B  0  is  occupied  by  the 
air  in  its  existing  state  of  atmospheric  pressure  at  the  time  of  the  experiment,  which 
pressure  is  indicated  by  the  column  of  mercury  in  the  barometric  tube  at  that  time. 
Fresh  mercury  is  now  poured  in  at  D ;  its  surface  reaches  the  level  E  in  one  leg,  and 
some  lower  level  B'  0  in  the  other,  showing  that  the  pressure  of  the  air  originally  occu- 
pying 0  B,  by  now  being  forced  to  contract  itself  into  CB',  exercises  an  increased 
pressure ;  so  that  now  it  not  only  balances  the  pressure  of  the  atmosphere,  in  its 
original  state  at  D,  but  also  the  column  of  mercury  0  E. 

Let  H  be  the  height  of  the  mercury  in  the  barometer;  then  the  pressure  on  the 
original  volume  of  air  B  G  is  that  of  a  column  of  mercury  of  bsCse  B  and  height  H,  while 
the  pressure  on  the  condensed  yolume,  B'  C,  is  that  of  a  colimm  of  merciuy  of  tiie  same 
base  and  of  the  height  H  -)-  E  0.  Kow,  wherever  B'  may  be^  it  is  found  by  actual 
measurement  that 

H  +  EO  :  H  ::  BC  •  BO; 

and  the  pressures  and  volumes  being  as  these  linear  dimensions,  it  fbUows  that 
Pressure  on  B'  C  :  Pressure  on  B  C  : :  Volume  B  0  :  Volume  B'  C. 

And  the  same  proportion  is  foimd  to  hold  whatever  be  the  original  density  of  the 
air  experimented  upon ;  and  it  equally  has  place  for  all  elastic  fluids. 

The  foregoing  law,  although  generally  called  the  law  of  Marriotte,  is  equally 
entitled  to  be  called  Boyle's  law ;  as  it  was  annoimced,  independentiy,  by  the  latter 
philosopher,  at  nearly  the  same  time.     It  was  discovered  by  Boyle  in  the  year  1662. 

Since  the  force  of  compression  on  the  air  near  the  surface  of  the  earth  is  that  due  to 
the  weight  of  thie  superincumbent  atmosphere,  it  follows  that  the  air  must  be  rarer  the 
higher  we  ascend;  rarer,  for  instance,  at  the  top  of  a  mountain  than  at  its  base,  a  truth 
that  has  been  turned  to  practical  account  in  the  way  of  measuring  the  height  of  a 
mountain  by  observing,  with  the  barometer,  the  difference  of  atmospheric  pressure  at 
top  and  bottom. 

With  the  general  theoretical  principles  and  the  practical  construction  of  this  useful 
instrument,  we  here  presume  the  reader  to  be  already  acquainted ;  for  although  some 
account  of  the  theory  of  the  barometer  might  reasonably  be  expected  in  a  treatise  on 
Pneumatics,  yet,  as  the  subject  has  been  sufficiently  discussed  in  the  Meteoboloot,  in 
the  present  series,  and  as  the  space  now  at  our  disposal  is  too  limited  to  permit  of  our 
indidging  in  repetition,  we  must  refer  for  the  requisite  information,  upon  what  conoems 
the  barometer  and  thermometer,  t^  the  interesting  treatise  just  mentioned. 
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Density  of  tho  Atnaephon  at  IMilesent  Keights.--Since  the  demity  oi 
air  varies  directly  as  the  pressare  sustained  by  it,  the  higher  regions  of  the  atmosphere 
haying  a  less  saperincumbent  load  than  the  lower,  must  be  proportionally  less  dense. 
This  weight  or  pressure,  as  already  noticed,  will  be  affected  by  temperature :  and  more- 
OTer,  the  same  particle,  or  yolume  of  air,  will  weigh  less,  the  higher  it  ii  situated 
aboye  the  suifSEu^e  of  the  earth,  on  account  of  the  diminution  in  the  force  of  gravity. 
But,  leaving  these  comparatively  unimportant  modifjring  influences  out  of  consideration 
—unimportant  at  least  for  moderate  altitudes — and  regarding  both  the  temperature  and 
the  foi«e  of  gravity  as  uniform,  we  may  prove  that . — ^The  density  of  the  atmosphere  at 
different  heights  above  the  surface  of  the  earth,  varies  thus, — namely,  when  the  heights 
Increase  m  arithmetical  progression,  the  densities  decrease  in  geometrical  progression. 

Conceive  a  uniform  slender  column  of  the  atmosphere  to  be  divided  by  horizontal 
sections  into  n  equal  parts ;  the  number  n  being  so  great,  that  each  thin  stratum  of  air 
may  be  regarded  as  of  uniform  density :  then  oommenciog  at  the  bottom  or  first 
stratum  Oi,  the  several  strata  may  be  denoted  by 

«!,«»» «s»«4»    ....    a,,    ....    (1) 
and  their  densities  by 

d^,d^d^d^y    .    .    .    .    d^    .    .    .     .     (2) 

It  has  been  sufficiently  explained  (Hyd&ostaticb,  page  166)  that,  in  speaking  of  the 
density  of  any  substanoe,  we  always  have  reference  to  some  assumed  imit  of  density, 
and  that  the  weight  of  the  unit  of  volume  (the  unit  of  weight)  of  the  standard  sub- 
stance, multiplied  by  the  numerical  expression  (B)  for  the  density  of  any  other  sub- 
stance, gives  the  weight  of  a  unit  of  volume  of  that  other  substance.  The  abstract 
numbers  (2)  therefore  will  equally  express  the  number  of  units  of  weight  of  the  volumes 
(1),  provided  we  take  the  magnitude  of  a^  or  a^  &c.,  for  that  of  the  unit  of  volume :  and 
this  we  are  of  course  at  liberty  to  do,  for  in  all  investigations  our  unit  of  measure  may 
be  chosen  at  our  convenience. 

It  may  be  well,  however,  in  order  to  prevent  oonAision,  to  write  the  numbers  (2), 
when  regarded  as  so  many  units  of  weight,  thus,  namely : — 

Then,  as  the  density  of  any  stratum  of  atr  varies  with  the  weight  or  pressure  it 
sustains,  we  have 


d, 
d2 


Bat 


d^::  W2  +  Wi  +  Wi+  . 

<^  : :  1^3  +  ^4  +  Wg  +  . 

^4  : :  «;4  +  M>5  +  w,  +  . 
&c. 


di 
d2 
d. 


.   .   +  W.  :   tr,  +  IT,  +  .   .    .   -I-  W,, 

&c.  &c. 


(3) 


W 


:  <^  : :  IT,  :  «», 
:  ^4  ::  fTj  :  1^4 

Hence,  putting  to  for  <?,  in  the  foregoing  proportions,  alternating  and  compounding  th« 
nttios  (Algsbba,  page  220),  we  have 

Wi  :  «>i  +  u^a  +  IT,  + 1^4  H +  w'-  ••:«'»:  »2  +  WJa  +  «r4  +  ...  +  »^ 

Vj  :  iTa  +  Ws  +  W4  +  fTft  +  .  . .  +  w„  : :  «7s  :  »,  +  W4  +  Wj  +  .  .  .  4-  tr„ 
tTj  :  Wa  4-  «74  +  wg  +  Wj  +  .  .  .  +  «;^  : :  «r4  :  ^4  +  Wj  +  Wj  +  .  .  .  +  ur^ 

Consequently,  alteznating,  and  having  regard  to  the  proportions  (3)  and  (4),  we  have 
di  :  d2  '»:  d2  :  d^  ::  d^  :  d^j  &c. 
berefore  the  densities  of  the  strata  Oi,  Oj,  Oj,  a^^  &c.,  of  which  the  heights  are  in 
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arithmetical  progressioii,  are  tibemselves  m  geometrical  progreanon;  and  aonaequ^tlj 
the  presfiires  sustained  at  different  altitadea  are  also  in  geometrical  pragreeaion. 

Deteimlnation  of  Altftades  by  U&e  Basometes,— Let  A  be  the  altitude  in 
feet  of  any  spot  aboye  the  surface  of  the  sea,  then  measuring  downward  from  that 
spot,  the  distances  0, 1,  2,  3,  &c.  feet,  the  pressures  upon  each  foot  will  form  a  geome* 
trical  increasing  progression,  by  what  is  proved  aboye.  The  relation,  tho^lore,  between 
the  numbers  expressing  this  progression,  and  the  numbers  0,  1,  2,  3,  &e.,  is  the  same 
as  that  between  any  numbers  in  geometrical  progression,  and  their  logarithms;  The 
numbers  0,  1,  2,  3,  expressing  the  distances  downwards*  from  th&  highest  point,  must 
therefore  be  the  conmion  logarithms  of  the  numbers  expressing  the  corresponding 
pressures,  multiplied  by  some  constJant  f^tor  or  modulus,  which  constant  factor  we 
may  call  K. 

Hence  a  expressing  any  lower  altitude  in  feet,  and  P,  p  the  pressurei  at  the  alti<- 
tudes  A,  a.  we  shall  hayo 

P 
A  —  a  =  K  log  P  —  logi>  =z  K  log  - 

If  the  lower  station  be  at  the  leyel  of  the  sea,  then  a  =  0 ;  and  sines  the  prssBvrai 
P,  p  are  indicated  by  the  heights  of  the  mercurial  column  in  the  barometer  at  the  two 
stations,  we  have  for  A,  the  number  of  fset  in  the  altitude  of  the  uppev  station  aboye 
the  lower, 

.  Tlflff^ Klo   ^^g^^  ^  baironietiBr  at  upper  statioa. 

^p  ^  height  of  barometer  at  lower  station. 

But  before  this  fbrmula  can  be  turned  to  practical  account  we  must  b«  able  to 
assign  the  numerical  yalue  of  the  constant  multiplier  S^ 

Let  H  be  the  height  of  the  barometer  at  the  leyel  of  the  sea^  and  H'  tiie  height  at 
some  known  altitude  A' ;  then 

A'  =  Kh)g5  =  B:iog|. 

Let  A' r=l  foot,  then 

B:=  1  -f.  log  |:,  or  B::=  1  -?- log|. 

Now  when  the  barometer  stands  at  30°,  and  the  temperature  of  the  air  is  55°  Fahu, 

the  weight  of  a  volume  of  air  is  to  that  of  an  equal  volume  of  mercury  as  1*22  is  to 

13568 :  hence  the  pressure  of  the  30  inches  of  mercury  is  equal  to  the  pressure  of  a 

13568  ^  30 
column  of :r-^ inches  of  air  of  the  same  uniform  density  as  that  in  which  the 

barometer  is  placed — ^that  is,  of  the  air  at  the  levd  of  the  sea.    The  height  of  thla  equi- 
ponderant colunm  of  homogeneous  air  is  therefore 

and,  therefore,  the  height  of  the  colimm  measured  from  a  fiwt  above  the  level  of  the 
sea,  is  27802  feet 

—       -    .  ,      27803       ,    .  1      /,    ,        1     X 
•■•  ^  =  ^  ^  1°8  27802  =  ^  ^^"^  (^  +17802)- 


^"*  ^  (^  +  27lo-2>  =  "3*29448  {  27io2  "  *  27^  +  *«• } 

powers  of 
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K=l. 


27802  -43429448 

or  dividing  by  6,  E  =:  10670  fSEithoma.    Conaequentlj  the  formula  for  the  computatioQ 
gf  mj  altitude  A  abore  the  let«l  of  the  aea  is 

A       ,  /v>.>.«  1  height  of  bar.  at  alt.  A       ^  . 

^  =  ^'^^°^he{ghtofW..tthe.e..Wel^°°^ 
The  coDBtant  factor  10670  has  been  detetmined  on  the  supposition  that  the  tempera- 
ture of  the  air  is  5S*  Fah.  The  more  conyenient  multiplier  10000  may  be  employed 
instead  by  a  suitable  alteration  of  the  temperature ;  that  is,  by  assuming  the  air  to  be 
in  a  different  state.  Experiment  has  shown  that  the  altitude  of  a  place,  as  deduced  from 
the  foregoing  formula,  will  yary  by  Ti-^th  of  its  whole  yalue  for  eyery  degree  by  which 
the  mean  of  the  temperatures  at  the  two  stations  differs  from  6S*;  the  yariation  to  be 
added  when  the  mean  exceeds  55**,  and  subtracted  when  the  contrary  is  the  case. 

Now,  the  difference  between  10670  and  10000  is  670,  and  the  difference  between 

10f)70 

10670  andtha  yalue  it  would  haye  for  one  degree  leas  of  tempecakuia  is       ^  ■  =  24*6 : 

hence,  to  find  for  how  many  degrees  less  of  temperature  the  difference  is  670,  we  haye 
the  proportion 

U'5  :  670  : :  r  :  2r. 

CoBsequently  55°  —  27^  =:  28''  Is  the  temperature  of  the  air  for  which  the  altitude 
A  in  fiEtthoms  is 

height  of  bar,  at  alt.  A 
^  height  of  bar.  at  the  sea-leyel 

ind  this  yalue  must  be  increased  or  diminished  by  the  ^irth  part  of  itself  for  eyery 
degree  shown  by  the  mean  temperature  of  the  two  stations  aboye  or  below  28°. 

In  taking  the  logarithms,  we  may  employ  only  fiye  figures  for  each,  including  the 
index  1.  Regarding  these  as  whole  nmnbers,  we  take  their  difference ;  then  if  E  be  the 
excess  of  the  mean  temperature  of  the  two  stations  aboye  28°,  we  must  multiply  this 

E 

difference  by  -nr^j  and  add  the  result  to  the  said  difiSerence  to  obtain  the  altitude  in 
^  43o' 

&thoms*    This  fraction  of  the  difference  must  be  subtracted  if  E  be  aegatiye.    The 

following  is  all  example : — 

Eeq^uired  the  height  of  a  mountain  when  the  barometw  at  the  bottom  stands  at 
29*68  inches,  and  at  the  top  at  25*28  inches,  the  mean  temperature,  that  is  half  the  sum 
of  the  temperatures  at  the  two  stations,  being  47°. 

The  excess  of  the  mean  temperature  aboye  28°  is  47°  —  28°  =  19° 
1Q0QO  j^|log29-68    .    .    ,    .     14725  E  _  19 


A  =  10000  log . 


I  log  25-28 


19 


697  X  i35-  = 


14028 

697 
30 


435  ■"  435 


.*.  the  height  is 727  fathoms  =  4362  feet. 

Where  minute  accuracy  is  required,  certain  particulars,  here  disregarded,  must  be 
taken  into  consideration ;  as,  for  instunce,  the  latitude  of  the  place  of  obseiration,  and 
the  dilatation  of  the  mercurial  column,  which  lengthens  to  the  extent  of  -nrosasth  of  the 
whole  for  eyery  additional  degree  of  temperature :  but  the  determination  of  altitudes  hj 
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the  foregoing  formula  will,  in  general,  differ  from  the  truth  only  by  a  fathom  or  two, 
and  will  therefore  be  sufficiently  accurate  for  most  practical  purposes  (see  Mbtbokoloot, 
page  18). 

The  higher  we  ascend  into  the  regions  of  the  atmosphere,  the  colder  does  it  become. 
There  are  two  reasons  for  this :  in  the  first  place,  the  direct  rays  of  the  sun  pass  through 
the  air  without  being  arrested,  as  it  were,  as  in  the  case  of  a  solid  body,  which  absorbs 
a  great  portion  of  the  heat  poured  upon  it ;  and,  in  the  next  place,  experiment  proves 
that  air  by  rarefaction  loses  part  of  its  original  heat,  so  that  when  air  of  a  eertain  tem- 
perature is  relieved  of  part  of  the  pressure  upon  it,  and  allowed  to  expand  (as  the  air  in 
the  receiver  of  an  air-pump),  it  is  found  that  the  temperature  becomes  less  and  less  as  the 
pressure  diminishes ;  so  that  if  the  original  temperature  is  to  be  maintained,  fresh  heat 
must  be  communicated.  As  there  is  no  external  source  for  the  supply  of  such  heat  in 
the  more  elevated  regions  of  the  atmosphere,  the  superior  coldness  of  those  regions 
becomes  sufficiently  accounted  for. 

Weight  of  the  whole  Atmosphere.— We  have  already  seen  that  the  weight 
of  the  atmosphere  surrounding  the  earth  is  equal  to  the  weight  of  a  surrounding  coating  of 
mercury,  on  the  average  30  inches  thick :  the  amount  of  this  weight  may  be  found  by 
multiplying  the  volume  of  the  mercurial  shell  by  the  specific  gravity  of  the  mercury, 
and  the  product  by  ^  =  1000  ounces  (Hydbostatics,  page  166).  Let  R= radius  of  the 
earth  in  feet,  r  =  height  of  the  mercury  in  feet,  and  «  its  specific  gravity :  then  sub- 
tracting the  volume  of  a  sphere  of  radius  K  from  that  of  a  sphere  of  radius  R  -|-  r,  in 
order  to  get  the  volume  of  the  spherical  shell  of  mercury,  we  shall  have  for  the  weight 
W  of  that  shell, 


=  ^|3RV+  SRr^+fsJa^ 
=  Tr  |r«  +  Rr  +  ir*!  9  X  1000  oz. 


This  weight  the  celebrated  Cotes  calculated  to  be  equal  to  that  of  a  globe  of  lead  of 
60  miles  in  diameter,  or  upwards  of  77,670,000,000,000,000  tons. 

The  weight  of  the  atmosphere  can  be  much  more  accurately  estimated  than  its 
height,  since  the  former  can  be  submitted  to  experimental  examination,  while  the  latter 
is  beyond  our  reach.  But  there  are  many  cogent  reasons  which  preclude  the  notion  that 
the  atmosphere  is  illimitable.  Thus,  we  have  seen  that  it  has  weight ;  that  is,  that  it  is 
a  material  substance,  like  aU  other  material  substances,  operated  upon  by  the  attraction 
of  gravitation.  There  must  be  an  elevation,  therefore,  at  which  its  elasticity,  or  its 
tendency  to  expand  further  upwards,  is  just  balanced  by  its  gravitating  tendency  down- 
wards, and  which  must  therefore  mark  the  limit  of  its  altitude.  Again,  if  its  extent 
were  boundless,  the  moon  and  all  the  other  planets  would  each,  by  its  attraction,  appro- 
priate a  share  of  it ;  and,  as  in  the  case  of  our  earth,  the  density  of  it  would  increase 
towards  the  sur&ce  of  each  planet ;  and,  more  especially  as  regards  the  moon,  its  pre- 
sence would  become  manifest  by  astronomical  observation.  But  astronomers  find  the 
moon  to  be  quite  destitute  of  an  atmosphere :  it  has  no  clouds,  no  rain ;  and  the  planet 
Jupiter  seems  to^be  in  the  same  predicament.  That  the  moon  has  no  atmosphere,  and 
consequently  can  have  no  breathing  inhabitants,  is  a  fact  interesting  in  itself;  and  it 
involves  this  other  feu^  equally  interesting,  that  our  atmosphere  has  its  limits.  Accu- 
rately to  assign  these  limits  is  beyond  the  power  of  science ;  but  the  phenomenon  of  tbd 
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refraction  and  reflection  of  light  leads  to  the  conclusion  that  it  extends  to  the  height  of 
about  forty  or  fifty  miles.  The  average  between  these,  namely,  forty-five  miles,  is 
usually  regarded  by  philosophers  to  be  the  height  of  our.  atmosphere.  But  that  this 
conclusion  may  rest  upon  something  better  than  mere  conjecture,  we  shall  give  the 
reasonings  by  which  it  has  been  arrived  at. 

Atmospherical  refraction  is  caused  by  the  bending  of  the  rays  of  light  from  a  lumi- 
nous body  upon  entering  our  atmosphere :  till  the  outer  boundary  of  the  atmosphere  is 
reached,  nothing  diverts  the  di- 
rection of  a  luminous  ray.  This 
leiiraction  of  the  rays  of  the  sun 
adds  intensity  to  the  twilight,  or 
the  light  we  enjoy  after  sunset. 
The  twilight  is  found  to  continue 
till  the  sun  is  18*^  below  the  hori- 
zon. Let,  therefore,  A  H  be  the 
horizon  of  an  observer  at  A,  who 
will  continue  to  have  twilight 
till  the  ray  S  H  from  the  descend- 
ing sun  makes  with  BH  the  angle 
S  H  B  =  IS'',  and  therefore  the 
angle  A HS  is  162°. 

The  last  glimmer  of  twilight  is  due,  no  doubt,  mainly  to  the  reflection  of  the 
ray  S  H  from  the  particles  of  the  atmosphere  at  H,  and  the  radius  C  H  being  perpen- 
dicular to  the  reflectiag  surface  at  H,  the  angles  AH  C,  S H  0  must  be. very  nearly 
equal,  and  therefore  each  equal  to  about  81*^.  Now,  taking  the  radius  C  A  of  the  earth 
at  4000  miles,  we  have  by  Trigonometry, 

CA  4000         .^-^        , 

-  =  4050  nearly. 


CH  =  CAcosecH=  4^  =  - 


sinH^sinSl" 

So  that,  according  to  this  calculation,  the  height  A  H  of  the  atmosphere  is  4050  —  4000 
=  50  miles.  - 

The  height  of  an  homogeneous  atmosphere  that  would  press,  as  the  actual  atmo- 
sphere is  found  to  do,  may  be  readily  ascertained.  Thus,  if  we  take  the  specific  gravity 
of  air  to  that  of  water  as  1  to  850,  when  the  barometer  stands  at  30  inches,  and  the 
specific  gravity  of  water  to  that  of  mercury  as  1  to  14,  we  shall  have  the  specific  gravity 
of  air  to  mercury  as  1  to  11,900. 

.*.  1  :  11,900  : :  30  inches  :  357,000  inches  =  5*63  miles. 
This,  therefore,  would  be  the  height  of  an  atmosphere  pressing  with  the  same  weight 
as  ours  does,  and  of  which  the  density  is  uniformly  the  same  as  the  air  at  the  surface  of 
the  earth.  If  the  specific  gravity  of  the  air  at  the  surface  to  that  of  mercury,  when  the 
barometer  stands  at  30  inches,  be  taken  as  1  to  12,000,  the  height  of  the  homogeneous 
atmosphere  Vill  be  12,000  X  30  inches  =  10,000  yards  =  5|  miles  nearly.  Hence  the 
height  of  the  equiponderant  homogeneous  atmosphere  would  be  about  5^  miles. 

The  Syphon. — ^The  weight  of  the  atmosphere,  like  all  the  other  forces  sponta- 
neously offered  to  us  by  nature,  has  by  the  ingenuity  of  man  been  made  subservient  to 
his  wants  and  conveniences  in  a  great  variety  of  ways.  Next  to  the  force  of  gravitation, 
of  which,  indeed,  the  weight  of  the  air  is  only  a  particular  manifestation,  atmospheric 
pressure  is  perhaps  the  most  important  of  terrestrial  phenomena ;  and  it  is  not  easy  to 
estimate  the  amount  of  extra  toil  and  privation  to  which  mankind  would  be  subjected, 


Digitized  by  Google 


2U 


THE  distiller's  aitd  wttrtemburg  stphok. 


if  the  ail  we  breathe,  like  tiie  light  we  see,  had  no  appreciable  weight.  It  is  our  bunness 
now  to  giye  a  short  account  of  some  of  the  contrivances  by  which  atmospheric  pressure 
has  been  turned  to  advantage  in  ihe  practical  affidrs  of  life,  and  to  explain  the  principles 
upon  which  these  ooi^trivances  accomplish  the  purposes  intended  by  them.  The  least 
complicated  of  these  is  the  Syphon. 

This  instrument  is  simply  a  bent  tube  ABC,  employed  for  the  purpose  of  exhaust- 
ing a  vessel  of  the  liquid  it  may  contain,  or  of  transferring  it  to  another  vessel  without 
the  practical  inconvenience— often  the  practical  impossibility — of  actually  pouring  l^e 
iquid  from  the  one  vessel  into  the  other. 

There  are  two  ways  of  bringing  the  instrument  intg  operation :  the  end  of  the 
shorter  leg  A  may  first  be  inserted  in  the  liquid,  and  then  the  air  in  the  tube  withdrawn 
by  the  mouth  through  a  small  pipe  communicating  with  the  tube  near  the  extremity  C 
of  the  longer  leg.     In  this  case  there  must  be  a  stop-cock  between  the  pipe  and  C  to 


cut  off  communication  with  the  atmosphere  pressing  through  C.  Such  a  syphon  is  called 
the  distiller's  syphon :  it  is  exhibited  in  operation  in  the  first  figure  above.  In  the 
second  way  the  tube  is  inverted  and  filled  with  the  fiuid,  and  the  ends  A,  C  closed ;  the 
shorter  end  is  then  immersed  and  both  ends  are  opened. 

Suppose,  as  in  the  first  way,  that  the  tube,  with  the  end  A  in  the  liquid  and  the  end 
C  stopped,  has  been  exhausted  of  air :  the  pressure  of  the  atmosphere  on  the  exposed 
surface  of  the  fluid  in  the  vessel  acts  upwards  at  A,  and  forces  the  fluid  into  the  vacant 
space  with  an  energy  sufficient,  if  it  were  water  and  the  tube  were  straight,  to  carry  it  to 
the  height  of  thirty-two  or  thirty-three  feet ;  and  to  a  greater  height  if  it  were  a  fluid 
lighter  than  water.  As,  however,  the  tube  bends  at  a  moderate  height  B,  the  ascending 
column  is  forced  to  accommodate  itself  to  the  course  of  the  tube,  and  descends  into  the 
leg  B  D  C.  Arrived  at  B,  the  highest  point,  its  descent  down  B  C  is  expedited  by  the 
direct  influence  of  gravity  upon  it ;  and  C  being  opened,  the  liquid  flows  out. 

Now  it  must  be  observed  that  when  the  column  has  attained  the  height  E  B  it  is  not 
forced  forward  by  the  whole  of  the  atmospheric  pressure  at  E,  but  only  by  that  pressure 
diminished  by  the  weight  of  the  column  E  B ;  so  that  when  the  column  had  extended 
itself  to  D,  if  the  atmospheric  air  were  admitted,  the  upward  pressure  on  D,  like  that  on 
E,  would  be  equal  to  the  whole  atmospheric  pressure  diminished  by  the  weight  of  the 
column  D  B ;  the  two  pressures,  therefore,  balance.  But  as  soon  as  D  is  passed  and  the 
column  in  B  0  lengthens,  the  equilibrium  is  destroyed,  the  downward  pressure  prevailsy 


Digitized  by 


Google 


iNTEBMirrnfa  bpbinos. 


216 


and  fhe  liquid  fallfl  through  0  upon  finding  a  passage  tiiere :  and  Che  longer  the  part 
DC  of  the  syphon  below  the  surface  D  of  ^e  liquid,  the  greater  inil  be  the  vdooitj 
with  which  it  will  issue,  since  the  greater  will  be  tlie  preponderating  pressure  down* 
wards. 

In  the  second  way  of  preparing  the  syphon,  that  is  by  first  filling  it  willi  the  fluid, 
it  is  brought,  in  another  manner,  into  the  same  circumstances  as  when  it  is  filled,  as 
aboye,  through  the  pressure  of  the  air  on  the  surface  of  the  liquid.  The  liquid  wiH 
CTidently  ceiiae  to  flow  »■  Eoon  aj>  the  anrfaco  tsf  it  deMends  to  a  levBl  with  the  rising 
Burfflce  in  the  v^jaael  to  which  it  ia  transferred  ;  at  this  stagCf  Lowever,  iha  syphdn  wili 
remain  full^  as  there  will  be  a  complete  equilibrium. 

In  the  syphon  just  oxplaiued  it  M  tiect^^ftry  that  the  legs  be  of  unequal  Imigth  i  hut 
there  ia  another  Mnd  of  eyphon  called  the  Wurtemhurp  syphon ,  in  which  the  two  log* 
are  trf  the  samQ  length.  In  this  mBtruroent  (aee  the  firat  fi^re  below),  the  extretwitiea 
of  the  equal  legs  are  hirned  upward*  bo  tliBt  the  two  open  ends  B^E  may  be  on  the 
hcjrizmital  level  when  the  syphon  is  held  upright.  The  instrument  ia  kept  conatantJy 
filled  with  water,  whieh  rcmaiiis  suspeud<^  in  the  two  legs  D  A  B,  E  C  B,  bocauae 
the  equal  atmospheric  predaxircs  at  D  and  £  place  them  in  a  etatc  of  equUibrium  p 
Int  if  the  leg  tcrminatuig  in  D  he  immersed  in  water,  the  end  D  will  austain  the  addi« 
tioTial  preMure  of  tho  water  rwichiug  from  D  to  the  BUrfacc,  and  eonspquentty  E  being 
&ee  from  such  additional  prt^flsure,  the  fimd  is  forced  out  at  that  tiud.     When  tho 


iurfaoe  of  the  water  in  the  Teasel  has  descended  to  B  the  stream  from  E  stops^  but  the 
Byphon  remains  full^  and,  thus  filled,  ia  taken  out  and  liung  up  by  a  loop  at  B  till  ogiun 
Iran  ted. 

Intermitting  flpringa, — The  cuTioua  phenamena  of  intermitting  sprinfs  are 
referable  to  the  foregoing  principles.  Th^^se  apringo,  ifisuing  from  a  fiASiire  in  a  mouQi-* 
tain  Eide,  fiow  for  a  CE^rtain  period  and  then  stop;  after  a  while  the  water  fiowe  again^ 
and  Bo  on^  Th  ese  efief^ta  axe  produced  through  the  operation  of  one  of  Natuj%'  a  syphons. 
The  preceding  fi^re  exhibits  a  ocction  ef  the  mountain  and  the  stream.  A  eavity  exitta 
in  the  former,  oa  here  r^pmaented ;  this  by  degrees  is  ^lled  by  gradual  infiltrations, 
CT  by  slender  fismires  communiEatinn;  with  the  upp^  etirfsce.. 

Suppose,  now,  that  there  ia  a  ayphon-like  communication  between  the  Teserroir  of 
water^  supplied  by  these  ohantiels  frum  aboTe,  and  the  mountain-dde ;  as  this  ayphon 
is  not  oitifieially  oxhauatod  of  air,  it  will  not  deliYer  the  water  in  tho  rcseryoir  till  the 
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surface  of  that  water  rises  as  high  as  uhe  bend  of  the  syphon  B,  after  which  it  will 
begin  to  flow,  pouring  out  a  continued  stream  till  the  reservoir  is  emptied,  or  at  least 
till  the  level  reaches  the  immersed  end  of  the  syphon ;  the  stream  will  then  stop  and  will 
commence  to  flow  again  only  when  by  a  fresh  accumulation  of  water  from  above  the 
level  of  B  is  again  reached. 

It  is  of  course  a  condition  necessary  to  the  production  of  these  results  that  the  sur- 
face of  the  reservoir  be  subjected  to  the  pressure  of  the  atmosphere ;  but  through  the 
fissures  which  supply  the  cavity  with  water,  air  must  have  previously  found  its  way ; 
and,  indeed,  from  the  principle  of  the  equal  transmission  of  fluid-pressure,  the  weight  of 
the  atmosphere  acting  on  the  upper  surface  of  the  water  in  a  single  downward  column, 
as  on  the  water  in  the  slender  perforation  to  the  right  in  the  foregoing  flgure,  acts 
equally  on  every  part  of  the  surface  of  the  water  in  the  reservoir. 

The  Household  Pump. — The  common  suction-pump  is  another  important  con- 
trivance which  owes  its  usefulness  entirely  to  the  pressure  of  the  atmosphere,  although 
its  dependence  upon  this  agency  was  little  suspected  for  many  ages  after  its  invention. 
As  already  noticed  (page  206),  Torricelli,  a  pupil  of  Galileo,  early  in  the  seventeenth 
century,  was  the  first  who  fully  recognized  the  influence  of  atmospheric  pressiure.    He 

accounted  for  the  ascent  of  water  in  the  pump, 
and  of  mercury  in  an  exhausted  tube ;  and  the 
invention  of  the  barometer  naturally  followed. 

The  marginal  figure  represents  a  section  of 
the  suctioij-pump ;  A  B  is  the  tube,  or  working 
pump-barrel,  communicating  with  the  water  in 
the  well.  In  this  barrel  an  air-tight  piston  C, 
moved  by  the  lever  or  pump-handle  P,  freely 
plays.  At  the  lower  extremity  of  the  working 
barrel  there  is  a  valve  V  opening  upwards: 
this  valve  separates  the  barrel  from,  and  com- 
pletely covers,  what  is  called  the  suction  or 
feeding-pipe,  which  is  usually  of  smaller  bore. 
In  the  piston  C  there  is  also  a  valve  similarly 
opening  upwards.  The  piston  C  is  called  the 
tucker. 

Now,  imagine  the  piston  C  to  be  at  first  at 
the  bottom  V  of  the  barrel,  and  then  to  be 
raised  by  the  action  of  the  pump-handle.  As 
the  piston  is  air-tight,  tiie  pressure  of  the  air 
in  the  barrel  upon  the  ascending  valve  C  keeps 
it  closed,  so  that  that  air,  having  no  escape 
below,  is  forced  up  and  pumped  out  at  the 
spout  S.  The  vacuum  thus  produced  in  tlie 
barrel  is  immediately  filled  up  by  the  ascent  of  the  water  through  the  feeding-pipe,  for 
the  water  in  the  well  sustains  the  pressure  of  the  atmosphere  on  its  surface,  all  except 
that  portion  of  the  surface  which  the  feeding-pipe  covers ;  and  from  thi»  portion,  as 
just  explained,  the  air  has  been  withdrawn.  The  barrel  is  thus  filled  with  the  water 
forced  up  by  the  pressure  of  the  atmosphere  on  the  exposed  surface  of  that  in  the  well ; 
but  no  water  escapes  through  the  spout  S,  since  all  that  has  been  raised  is  below  the 
closed  valve  C,  but  it  is  retained  suspended  in  the  barrel,  though  the  valve  Y  still 
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TL'tnains  open,  tlie  upper  flurli&<:a  of  the  watur^  immediatiily  btilow  ih<i  pktan,  bom|f,  of 
course,  uot  more  thsji  32  or  33  fut^t  liborc  the  aurfacij  uf  the  w&ter  m  the  well  (p.  206), 
Upon  now  lowering  tho  piflton,  the  toIvo  G  open^  by  the  reabtance  of  the  water 
C0Ei£D€d  in  thj&  barrel^  for  tho  down  ward  preBsure  oomnLUnicatcd  to  the  coiii)ii«d  wat«r, 
and  exercised  through  the  lerer  P,  i:lo»«a  the  valve  V,  and  preTenta  the  water  from 
being,  hf  tLia  t'leira  preBsurc^  forcLnl  back  again  into  thu  welL  neooe,  upon  again, 
raising  the  piston^  the  upward  Tcaiatanco  of  the  water  ahove  it  cloaea  the  Tolye  d  and 
tbc  fluid  is  forced  out  of  the  apout  S^  while  another  vaeuum  Ifl  forming  below  the 
piat^n,  and  fresh  water  rising  in  the  harrel  -  and  thua  every  timo  the  pUton  U  rai««d 
the  lower  valve  opens  and  the  upper  one  oloeefi^  while^  on  the  contrary,  every  time  the 
piflton  descends  the  lower  valve  closes  and  ^e  upper  oue  openfl^  and  in  a  well'-made 
pump  the  hamel  ia  kept  constcjitly  full- 

It  will  of  course  be  understood,  in  all  that  is  said  ahove^  that  the  pressure  of  the 
atmoaph&re  on  the  iurfnce  of  the  water  in  the  well,  or  reservoir,  need  not  be  auffitiently 
great  to  cause  the  water  in  the  pump  to  as<;end  as  high  as  the  epout,  when,  by 
the  action  of  the  handle,  the  air  ia  withdrawn  from  the  tubo ;  if  the  length  of  the 
BUdtioo-pipe  be  28  or  29  feet,  or  rather,  if  the  valve  at  tlie  top  of  it  be  at  thia  height 
above  the  water  in  the  well,  the  exhauation  of  the  air  will  be  followed  by  the  ascent  of 
the  water,  through  the  auction-pipe,  to  some  distance  up  the  barrel  of  the  pump.  The 
subsequent  raising  of  the  water,  thus  introduced  into  the  barrel,  to  the  apout,  is  the  sole 
result  of  the  mechanical  force  applied  to  tbe  pump- handle. 

Qn&ntitj  of  W&tei  Ulscliazgttd,  and  Force  A^ppUed  to  B«l*o  It. — The 
quantity  of  water  discharged  at  each  stroke  of  the  handlB,  supposing  the  barrel  to  be 
constantly  full,  that  is,  si^ppoaing  the  apout  not  too  high^  is  a  column  of  wat^r  whofla 
boflc  is  the  horizontal  section  of  the  piston,  &nd  altitude  the  height  to  which  the  piBt<}n 
i^  raised,  called  the  length  of  the  stroke :  thus,  if  r  be  the  radius  of  the  section  in  feet, 
and  I  the  length  of  the  stroke  in  feet,  we  ahaU  have 

Quantity  discharged  i=  ZlilQrH  cubic  feet ; 
or,  since  a  euhie  foot  of  water  weighs  lOOO  ounces^  or  about  62}  pound!  ayairdupoi% 
and  since  an  imperial  gallon  eon  tains  10  lb.  of  water,  we  have 

Quantity  discharged  ^  3  14l6r';  X  6 '25  gallons. 
But  the  force  necoasary  to  raise  this  q^uantity,  will  be  that  required  to  raise  the 
sntire  column  of  water  extending  &om  the  STir&ce  of  the  reservDir  to  the  lurfaee  of  the 
Vater  in  the  pump,  the  base  of  the  column  being  the  section  of  the  piston.     For  let  a 
be  the  number  of  linear  feet  of  water  above  the  piston,  and  b  the  number  of  foet  below 
j     it)  to  the  surface  of  the  reservoir;  let  also  jj  be  the  length  of  the  column  of  water  equal 
I     to  the  atmospheric  presjjure  :  then  since,  in  raising  the  piston,  the  downward  pressure 
I     of  the  atmoephere  has  to  be  overcome,   the  height  of  the  equivalent  column  of  water 
I     iJlcd  IE  a  ~\~  p;  but  the  upward  pressure  against  thia,  ia  equal  to  the  weight  of  a  column 
i     of  water  of  height  j?  —  i :  hence 
I  (a -hi')  —  (p  — ^)  =  i*  +  A 

Ccnaequentlyf  the  force  necessary  ta  lift  the  piston  ia  that  nec^sary  to  li^  a  column  of 
water  having  the  same  section  as  the  piston^  and  the  height  [a-if-&)^  of  the  water  in  the 
pump,  &ozn  tlie  aurface  of  that  in  the  reservoir;  and,  in  fact,  additional  force  must  he 
applied  to  pump  out  the  water,  0(n  aoeount  of  fiictionf  and  the  weight  of  the  piaton  and 
ro(JL 

In  the  returning  stroke  of  the  pump-handle,  the  piston  descends  by  its  own  weighty 
which  is  su^ieut  to  overcome  the  frictioni  and  the  slight  reaistanee  of  the  water* 
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FoTOiiig  Vtiatp  and  Ftare  Sagtne.— As  the  preaBure  of  the  atmosphere  Twies, 
pumps  are  not  constructed  to  raise  water  to  a  height  ahore  28  or  29  feet;  hutth© 
■water  thus  raised  may,  by  an  additional  contrivance,  be  forced  upwards  as  much  higher 
than  this  as  we  please.  A  pnmp  for  this  purpose  is  called  &  farcins^  pump.  In  this 
pump  there  is  no  yalye  C  in  the  sucker  or  piston ;  so  that,  after  the  eihaustiOTi  of  the 
pump-bairel  of  air,  and  the  consequent  filling  of  it  with  water,  no  downward  pressure 
on  the  piston  could  cause  its  descent,  since  the  water  is  inoomppessible.  A  pipe,  there- 
fore, is  inserted  in  the  side  of  the  barrel  near  the  bottom,  with  a  Talve  at  the  insertion 
opening  outwards ;  the  downward  pressure  on  the  solid  piston  forces  open  this  Talye^ 

and  driyes  the  watw  into  Hie  tube, 
which  may  be  carried  upwards  to  any 
height,  and  be  made  to  delirer  the  water 
there,  prorided  only  si^dent  down- 
ward pressure  act  on  the  piston. 

The  fire-engine  is  essentially  the 
eombinati<»i  of  two  Ibreing-pumps,  tiie 
lostons  of  idiich  are  worked  by  a  lever 
whose  Morum  is  at  its  middle,  and  the 
power  is  applied  at  each  end  alternately; 
the  water  from  the  fire-plug  is  forced 
into  the  central  receptacle,  called  the 
air-yessel,  the  air  in  which  is  thus  con- 
densed the  more,  the  more  water  is  forced 
in ;  the  elastic  force  of  this  C/Omprossed 
air  drives  the  water  up  the  leathern 
hose,  from  which  it  issues  through  the 
delivery-pipe  witk  a  velocity  propor- 
tionate  to  the  pressure  applied,  or  the  condensation  x^roduoed  in  the  confined  air.  If 
the  pistons  be  worked  with  sufficient  energy  to  supply  the  air-vessel  with  water  as 
rapidly  as  it  is  thus  delivered,  the  stream  wUl  be  invariable ;  if  more  water  be  forced 
into  the  vessel  than  can  escape  out  of  the  delivery-pipe,  the  air-TSBBel  will  be  in  danger 
of  bursting  by  the  increased  pressure  of  the  condensed  air. 

The  intention  of  the  air-vessel  will  be  readily  perceived  by  the  student?  the  fbroe 
applied  to  the  two  ends  of  the  lever,  which  works  the  double  pomp,  is  necessarily  aa 
intermitting  force ;  and  without  some  contrivance  to  render  the  efifoct  oontisuioua,  tine 
water  would  issue  from  the  delivery-pipe  in  jerks,  by  the  separate  impuhnoiks  given  to  it ; 
but  the  continuous  pressure  of  the  condensed  air  in  the  air-venel  causes  a  cxoitinuaaB 
flow  of  water  along  the  hose,  up  to  the  point  of  issue.  If  the  supply  of  water  to  the 
air-vessel  vary,  the  velocity  of  the  issuing  stream  will,  of  course,  vary  likewise;  but 
there  will  be,  nevertheless,  no  interruption  in  the  continiuwisness  of  the  discharge. 

In  fact,  l^e  air-vessel  performs  an  office  a  good  deal  like  that  performed  by  the  fly- 
wheel in  ordinary  machinery:  it  gives  continuity  to  intermitteiit  action,  tenda  to 
equalize  the  effects  of  it,  and  prevents  that  strain  on  the  atruoture  which  irregularities 
of  action  tie  apt  to  produce. 

The  metal  pipe,  from  which  the  atream  of  watnr  issnaS)  is  oonaidGnldy  aaialler  in. 
bore  than  the  leathern  hose  along  which  the  fluid  flows  to  it.  A  double  purpose  is 
aooomplished  by  this  disparity.  In  ihe  first  plaee,  the  finetkm  nt  tha  htme  is 
diminished,  as  a  comparatively  smaller  poitioQ  of  water  comes  in  eontaci  with  the 
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interior  surface ;  and  in  the  next  place,  the  contraction  of  the  stream,  at  the  outlet, 
gives  to  it  a  proportional  increase  of  Telocity,  so  that  the  water  is  driyen  out  of  the 
narrow  pipe  with  much  greater  force  (page  196).  It  may  he  ohserred  here,  that 
the  common  syringe,  or  hoys'  squirt,  is  a  miniature  fordng-pump,  or  emhryo  fire- 
engine;  the  great  contraction  oi  the  tuhe  near  the  outlet  is  the  cause  of  the  Telocity 
with  which  the  water  issues,  hdng  so  much  greater  than  that  with  which  the  piston 
moyes.  In  the  syringe  there  is  certainly  no  air-yessel,  as  in  the  fire-engine  j  hut  the 
pressure  on  the  water  is  continuous,  so  long  as  the  tuhe  contains  any. 

The  Hiwing  BelL^The  diver's  hell  is  a  heavy  iron  chest  open  at  the  hottom ; 
it  is  called  a  hell,  hecause  in  its  original  construction  a  hell-form  figure  was  given  to  it. 
The  interior  is  furnished  with  seats,  sufficiently  high  ahove  the  mouth  to  enahle  the 
persons  sitting  on  them  to  keep  their  heads  free  from  the  water,  which  rises  in  the  hell, 
in  virtue  of  the  upward  pressure,  as  it  descends  into  Ihe  sea,  and  to  hreathe  the  air 
which  is  thus  forced  up  and  condensed  ahove  the  rising  water.  By  means  of  a  flexihle 
tube,  communicating  with  the  upper  atmosphere  through  the  top  of  the  hell,  fresh  air 
can  be  pumped  in,  and  the  air  unfit  for  respiration  let  out. 

It  is  easy  to  find  the  space  into  which  the  air, 
'^ij-'iL-jWa        originally  in  the  hell,  will  he  compressed  when  the 
^^^5^        chest  is  sunk  to  any  depth  below  the  surface. 
=^^-^  Let  A  B  be  the  distance  between  the  surface  of  the 

E^r^—*^         water  ahore  and  the  surface  of  the  water  in  the  bell. 
[5^^=*^         Let  also  h  be  the  height  of  a  column  of  the  water,  the 
:|;g;^HHHfi|^^        pressure  of  which  is  equal  to  that  of  the  atmosphere : 
[]^q^HHn|^^  then  the  original  air  in  the  bell  sustained  a  pressure 

^"^^^B  nil  F-^1        «q^al  to  that  of  a  column  of  water  of  the  same  hori- 

~5^^^z  l^j^EikdJ^^  zontal  section  and  height  h ;  hut  when  condensed  by 
^^=M^^=^~r^^^^  being  forced  up  to  B,  it  sustains  a  pressure  equal  to 
-^^^^^^^^"^=^3^^  the  same  column  h,  and  the  additional  column  of  water 
^^^^^-^j^g^^^^^^EEr^=^  that  is  above  B  ;  that  is,  the  pressure  now  sustained  is 
""^  equal  to  that  of  a  colunm  of  water  of  height  h  +  AB. 

vol.  of  condensed  air  _  D B h        ,         ^qh\ 

•'•'vol.  of  original  air   —  DC  h  + AB^^^ '"'*^' 
Putting,  therefore,  x  for  DB,  the  depth  of  the  compressed  air  between  the  roof  of 
the  bell  and  the  surface  of  the  water  within  it,  we  have 

^— \^  ,         ...«8  +  a-|-AD)a;  =  ADa 

Hence,  by  solving  this  quadratic  equation,  which  has  but  one  positive  root,  the 
depth  DB^of  the  compressed  air  may  readily  be  ascertained  when  the  height  DC  of  the 
beU,  and  the' depth  AD,  to  which  its  upper  surface  is  sunk,  are  given. 

The  Condenpcr.— The  condenser  consists  of  a  strong  vessel  AB,  called  the  receiver, 
into  which  atmospheric  wr  is  forced  and  condensed  by  means  of  the  foUowing  appa- 
latug: — 

A  cyHndrical  barrel,  opening  into  the  receiyer  and  having  a  valve  opening  down- 
wards  at  C,  is  furnished  with  a  piston  D,  having  a  valve  also  opening  downwards.  As 
the  piston  descends,  the  valve  D  closes  by  the  resistance  of  the  air  in  CD,  and  the 
pressure  opens  the  valve  C,  the  compressed  air  passing  into  the  receiver  A  B. 

This  piston  having  thus  forced  aU  the  air  originally  in  the  harrel  into  the  receiver, 
18  raised  up ;  and  the  superior  pressure  of  the  condensed  air  in  AB  immediatdy  closes 
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the  valye  0,  while  the  downward  pressure  of  the  external  atmosphere  opens  the  yalye  D ; 
so  that  the  barrel  becomes  again  filled  with  common  air,  and 
the  operation  is  repeated. 

In  some  condensers  the  piston  D  is  made  solid,  and  a  small 
orifice  is  made  at  0  near  the  top  of  the  barrel,  through  which, 
upon  raising  the  piston  aboye  it,  the  barrel  is  supplied  with 
fresh  air  from  without. 

The  density  of  the  compressed  air  in  the  recelyer,  after  n 
descents  of  the  piston,  may  be  ascertained  thus : — 

Let  R  and  B  be  the  respectiye  capacities  of  the  receiyer 
and  the  bairel,  and  let  D  be  the  density  of  the  atmospheric 
air :  then,  R  being  the  yolume  of  this  air  in  the  receiyer  at 
first,  and  R  4-  B  the  yolume  of  it  in  the  receiyer  after  the 
first  descent  of  the  piston,  the  entire  mass  of  air^  then  in  AB 
will  beD.R-)-D.B;  as  the  additional  mass  D .  B  is  forced 
in  at  the  second  descent,  A  B  will  then  contain  the  mass  D .  R 
4-  2D .  B ;  and  a  fresh  mass  D  .  B  being  thus  forced  in  at 
eyery  descent,  we  haye  for  the  whole  quantity  of  air,  after  n  descents, 

Quantity  of  air  =  D  (R  +  nB)    .•.  its  density  =  D  (1  +  n  ^) 

which  iacreases  in  arithmetical   progression. 

The  Wine  Taster. — ^We  may  here  notice,  as  among  the  minor  contriyances  by 
which  the  pressure  of  the  air  has  been  made  ayailable  for  practical  purposes,  the  con- 
yenient  little  instrument  called  the  wine-taster,  which  is  much  used  in  wine 
and  ale  cellars  to  draw  out  through  the  bung-hole  of  a  cask,  a  specimen  of 
its  contents.  The  marginal  representation  will  giye  a  sufficiently  clear  idea 
of  the  form  of  this  contriyance,  which  is  hollow,  and  has  a  small  perforation 
at  each  end.  When  dipped  into  any  liquid,  the  upper  orifice  being  kept  open 
to  the  atmosphere,  the  fiuid  rises  through  the  lower  orifice,  till  the  leyel  is 
the  same  inside  and  outside ;  the  thumb  is  then  pressed  on  the  upper  orifice, 
and  the  yessel  withdrawn.  The  air  preyiously  within — ^the  common  atmos- 
pheric air,  reaching  from  the  surface  of  the  liquid  to  the  upper  hole — expands 
and  fills  the  enlarged  space  which  the  descent  of  the  liquid  leayea  as  the 
yessel  is  raised.  The  pressure  within  is  thus  diminished,  while  the  external 
pressure  upwards,  on  the  lower  orifice,  is  that  of  the  unrarefied  atmosphere; 
so  that  a  portion  of  the  liquid  remains  suspended  in  the  tube,  under  which  if  a 
glass  be  held,  and  the  thumb  remoyed,  the  sample  will  run  out  by  its  own  weight 
The  Aix-Pump. — The  office  of  the  air-pump  is  the  oppposite  of  that  oi 
the  condenser,  the  purpose  of  it  being  to  exhaust  a  receiyer  of  the  air 
contained  in  it.  There  are  seyeral  fbrms  of  this  machine ;  that  best  known 
is  represented  in  the  fbllowing  page  (Fig.  1),  and  is  called  Hawksbee's  air-pump.  The 
receiyer,  containing  the  air  to  be  withdrawn,  communicates  by  means  of  a  pipe  with  two 
barrels,  generally  of  polished  brass,  in  which  two  closely-fitting  pistons  moye  by  rack- 
work,  as  in  the  sectional  outline  exhibited  in  the  following  page  (Fig.  2),  where  it  will 
be  obsenred  that  the  descent  of  one  piston  compels  the  ascent  of  the  other.  The  four 
yalyes,  marked  a,  d,  0,/,  all  open  upwards.  As  one  of  the  pistons  descends  its  yalye  opens, 
and  the  air  in  the  barrel  passes  through,  and  rests  aboye  the  piston  when  it  has  arriyed 
at  the  bottom.     Duiiog  this  operation  the  other  piston  ascends,  with  its  yalye  dosed, 
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Fig.  1. 


emptying  the  barrel  in  which  it  is  fitted  of  its  air,  the  yacuum  being  supplied  from  the 
air  in  the  receiver  with  which  the  barrel  is  in  conuuunioation.    The  first  piston  is  now 

raised  and  itt  barrel  emptied  in  like  manner, 
fresh  air  rushing  in  firom  the  air  in  the  reoeiyer 
oommunicating  with  it  And  these  alternate 
ascents  and  descents  of  the 
pistons  render  the  air  in  the 
receiyer  so  rarefied  that  at 
length  its  pressure  is  inade- 
quate to  open  the  yalves  and 
pass  into  the  barrels.  It  is 
plain  that  each  turn  of  the 
toothed  wheel,  driving  one 
piston  to  the  bottom  of  the 
barrel  and  raising  the  other 
to  the  top,  withdraws  one 
barrel  full  of  air ;  so  that  the 
air  in  the  receiver,  previously 
to  this  turn  of  the  wheel,  now 
occupies  both  the  receiver  and 
one  of  the  barrels. 

Let  K  be  the  capacity  of ' 
the  receiver  and  B  that  of 
each  barrel ;  and  the  density  of  the  atmospheric  air  being  D,  let  D^,  J>„  D3,  &c.,  be 
the  densities  of  the  air  in  the  receiver  after  1,  2,  3,  &c.,  strokes  or  turns  of  the  wheel : 
then  since  at  every  turn  the  volume  of  air  B  is  dilated  into  B  -|-  B,  we  have 

D,(B  +  B)  =  D.E    .•.D.  =  D5-|3 
D,(E  +  B)  =  D,.E  .•.D,  =  D(j^)' 
D,(E+B)  =  D,.E  ...D,  =  D(gi^)* 

And  generally  D^  =  D  (.p   ,   ^)*,  the  density  after  fi  turns.    Hence  the  density 

decreases  in  geometrical  progression.  As  the  mass,  or  quantity  of  air,  is  equal  to  its 
volume  multiplied  by  its  density  (page  150),  therefore  aftern  strokes  the  quantity  of  air 
in  the  receiver  is 

The  quantity  of  air  in  the  receiver  decreases,  therefore,  in  geometrical  progression  *, 
but  as  a  decreasing  geometrical  progression  may  be  continued  indefinitely,  it  follows 
that  the  quantity  can  never  be  actually  exhausted  in  any  number  of  strokes  of  the  air- 
pump. 

As  the  pressure  of  the  atmosphere  on  the  receiver  becomes  very  great  after  the 
pmnp  has  long  worked,  it  is  necessary  that  it  possess  considerable  strength ;  and  the 
bell-form,  as  exhibited  in  the  first  figure,  is  given  to  it  to  secure  this  condition*  the 
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ghBM»  of  whSfih  it  Uibntied  being  afao  v«fry  tluek.  Tile  valvee  are  usually  of  strong  eS* 
•ilk,  in  little  bnes  frameey  tsw?ened  by  ti  gmting. 

PibeBLSx.— To  find  the  ntmber  of  strokee  necessary-  to  reduce  the  air  in  the  receiver 
t0>  a  giyen  density. 

Lst  d  be  t&e-  given  denntf :  then  D  being  the  original  density, 

-^  =  ^(^)" 
.-.  Iogrf=loyD  +  n{logR-log  (K -l-B)  ) 

log  tf — log  D 

■'•*  — logR  — log(R  +  B) 

And  i^  as  18  usual,  the  original  density,,  or  that  of  the  atmosfihera  in  itv  ordinary  state, 
be  rq^resented  by  1,  we  shall  hare 

-_  H^ 

"-"logR-logCR  +  B) 

The  density  d  Is  here,  of  course,  a.  proper  fraction,  and  therefore  log  d  is  negative, 
but  the  denominator  being  evidently  negative  also,  the  expression  is  positive ;  and  here*, 
as  inferred  above,  i£d=.Of,  that  is,  if  the  receiver  be  absolutely  wchausted  of  air,  log  d, 
and  therefore  n,  is  infinite. 

Although  two  bairels  are.  connected  with  the  receiver  in  Harwksbee's  ur-pump,  but 
only  one  barrel  is  exhausted  at  each  stroke ;  yet  the  working  oC  the  two  pistons  simul- 
taneously, at  each  turn  of  the  wheel^  considerably  diminishes'  the  labour  of  the 
opera^B ;  for  the  atmospheric  pressures  on  the  upper  surfaces  of  the  two  pistons  being 
the  same,  the  force  required  to  work  the  pamp  is  only  that  necessary  to  overcome  the 
difference  of  the  pressures  on  the  under  surfaces  of  the  pistons,  and  the  friction  of  the^ 
pistons  themselves.  If  only  one  barrel  were  employed,  the  ascent  of  its  piston  would 
be  opposed  by  the  difference,  constantly  augmenting,  between  the  pressures  on  its 
upper  and  under  su^aces,  in  addition  to  the  friction.  If,  however,  the  ascending  single 
piston  could  be  relieved*  from  the  pressure  of  the  atmosphere,  a  single  exhausting  barrel 
would  answer  every  purpose,  and  the  machine  would  be  simplified. 

Smeaton'B  Air  Fiuiiv.— Such  a  simplification  is  given  to  the  pump  constructed 
by  Smeaton,  and  called  after  his  name.  A  B  is  the  barrel  or  cylinder 
communicating  with  the  receiver  by  means  of  the  pipe  B  0.  In  this 
construction  the  barrel  is  closed  at  top,  but  furnished  with  a  valve  A 
opening  upwards ;  the  pistoB  also  has  a  valve  D  opening  upwu-ds, 
and  a  third  valve  B,  likewise  opening  upwards,  covers  the  pipe  B  C. 

As  the  piston  ascends  from  the  bottom  of"  the  barrel,  forcing  up 
the  air  above  it,  and  leaving  a  vacuum  below,  D  is  the  only  valve 
that  closes ;  tiie  atmospheric  air  originally  in  the  barrel  is  forced  out 
at  A,  and  the  exhausted  cylinder  is  instantly  supplied  with  air  from 
the  receiver  through  the  pipe  B  0.  Upon  the  descent  of  the  piston, 
the  valve  A  doses,  the  presgore  from  without  exceeding  that  from 
within  the  cylinder,  so  that  in  its  next,  and  in  every  succeeding  ascent, 
the  piston  is  relieved  from  the  pressure  of  the  atmosphere  upon  it. 

If,  as  before,  R,  B  represent  the  capacities  of  the  receiver  and 
barrel  respectively,  D  the  density  of  the  atmospheric  air,  and  D„  the 
density  of  the  air  in  the  receiver  after  n  strokes  of  the  piston,  we- 
shall  have,  as  in  the  former  case, 
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D^=  J>^  :  ^)'*y  tlie  d«nait7  after  n  tti^eg. 

In  this  pump  the  ezliaustioii  may  be  carried  on  to  a  much  greater  extent  than  ia 
Qie  common  pump  before  described,  because  the  yalve  D,  being  rdierred  from  th« 
downward  pressure  of  the  atmosphere,  wilt  open  for  a  rery  riight  pressure  upwazdv, 
and  consequently  will  allow  of  the  passage  of  air  in  a  more  rarefied  state. 

Bat  aa  the  foregoing  expression  for  D^  is  the  same  as  that  furnished  by  Hawksbee^a 
machine,  and  consequently  the  expression  for  n,  the  number  of  stn^es  producing  a 
given  degree  of  exhaustion,  must  be  the  same  in  both  constructionB,  provided  only  that 
the  barrels  are  all  equal,  it  may  seem  that  there  is  no  difference  in  the  exhaustire 
powers  of  the  two.  It  must  be  remembered,  howerer,  that  in  the  former  inyestigation 
the  valyes  are  supposed  to  open  at  even  the  f»th  stroke,  however  high  a  number  n  may 
he;  hut  as  in  the  former  construction  the  yalve  of  the  descending  piston  sustains  the 
pressure  of  the  atmosphere,  which  in  the  present  contrivance  is  removed,  a  greater 
elasticity  in  the  air  below  the  valve  is  necoasary  to  open  it ;  so  that,  in  Smeaton'a 
pump,  a  greater  degree  of  rarefaction  win  be  ultimately  attained. 

Tate's  Air! Pump, — This  pump  is  of  very  recent  contrivance,  and  as  yet  btit 
little  known ;  it  was  first  described  by  the  inventor  in  the  "  Philosophical  Magazine" 
for  April,  1856.  Its  chief  peculiarity  is,  that  while  it  has,  like  Smeaton's  pump,  only  a 
single  cylinder  or  barrel,  it  has  a  double  piston.  This  doable  piston 
peribrms  the  work  of  the  two  pistons  in  the  ordinary  double-barrelled 
air-pump,  and  that  with  only  half  the  motion. 

In  the  annexed  diagram,  C  D  is  the  cylinder  or  barrel ;  A  and  B 
are  solid  pistons,  rigidly  connected  by  a  rod  K,  and  moved  by  the 
piston-rod  A  H,  passing  through  a  stuf&ng-box  S.  Y  and  v  are  valves 
opening  outwards ;  and  B  an  open  pipe,  at  the  middle  of  the  cylinder 
leading  to  the  receiver  from  which  the  air  is  to  be  exhausted. 

The  distance  between  the  extreme  faces  of  the  pistons  is  about 
f  ths  of  an  inch  less  than  one-half  the  length  of  the  cylinder ;  this 
f  ths  of  an  inch  being  the  space  requisite  for  clearing  the  exhausting- 
pipe  B.  The  pistons  are  each  about  1^^  inch  in  thickness,  and  the 
rod  K  connecting  them  may  be  of  any  section  consistent  with 
strength.  The  efffective  length  of  tiie  stroke  is  equal  to  the  space  between  one  side  of 
the  pipe  K  and  the  corresponding  end-face  of  the  cylinder,  or  it  is  very  nearly  equal  to 
one-half  the  length  of  the  cylinder. 

In  an  upward  stroke,  the  air  above  the  piston  A  is  propelled  through  the  valve  V 
into  the  atmosphere,  while  a  vacuum  is  Demg  formed  beneath  the  piston  B.  When 
the  piston  A  strikes  against  the  top  of  the  cylinder,  the  air  from  the  receiver  rushes 
through  the  pipe  B,  and  diffuses  itself  through  the  lower  half  of  the  cylinder.  In  a 
downward  stroke,  the  air  beneath  the  piston  B  is  propelled  through  the  valve  i>  into  the 
atmosphere,  while  a  vacuum  is  being  formed  above  the  piston  A,  and  so  on.  It  will 
he  observed  that  the  double  piston  performs  a  dotible  duty  at  every  single  stroke ;  for 
while  a  vacuum  is  being  formed  in  one  half  of  the  cylinder  by  one  piston,  the  other 
piston  is  propelling  the  air  from  the  opposite  half  into  the  atmosphere. 

In  the  paper  referred  to,  the  inventor  enters  into  an  investigation  of  the  exhausting 
power  of  this  air-pump,  and  gives  the  results  of  some  experiments  which  our  limits 
preclude  us  from  transcribing ;  and  in  a  second  paper  in  the  "  Philosophical  Magazine" 
for  May,  1866,  he  has  offered  some  modifications  of  the  above  design,  more,  however, 
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for  the  sake  of  yariety  than  for  the  purpose  of  superseding  the  original  conception. 
We  take  the  liberty  of  suggesting,  howeyer,  that  we  think  it  would  be  a  slight  im 
proyement  if  the  exhausting-pipe  were  furnished  with  a  yalye,  opening  into  th» 
cylinder -at  K,  since  at  present  a  portion  of  the  air  between  the  pistons  flows  into  the 
receiyer  at  eyery  alternate  stroke :  this  yalye  would  be  yirtually^equiyalent  to  making 
the  interyal  between  A  and  B  solid.  Those  interested  in  this  new  air-pump  may  see  it 
at  Messrs.  Murray  and  Heath's,  philosophical  instrument  makers,  Piccadilly. 

AU  air-pumps  are  furnished  with  a  barometer-gauge,  a  yertical  glass  tube  not  less 
than  31  inches  long,  the  lower  end  being  immersed  in  a  cistern  of  mercury,  and  the 
upper,  by  means  of  a  horizontal  tube,  in  communication  with  the  receiyer.  If  h  be  the 
height  of  the  barometer,  measuring  the  pressure  before  the  pump  is  worked,,  the  density 
of  tiie  air  in  the  receiyer  then  being  D,  and  if  h'  be  the  height  of  the  gauge  afterwards, 
when  the  density  is  D-,  we  shall  haye 

for  h  represents  the  pressure  equally  of  the  external  atmosphere  and.  of  the  air  in  the 
receiyer  at  first,  and  h  —  h'  represents  the  pressiure  of  the  latter  after  n  strokes,  and  the 
densities  are  as  the  pressures.  From  what  is  proyed  at  page  220,  it  follows  that  at  eyery 
stroke  of  the  pump,  h  —  A',  the  defect  in  the  height  of  the  mercury  in  the  gauge,  from 
the  standard  height  h  of  the  barometer,  must  decrease  in  geometrical  progression. 


J   E.  TOTJNQ 
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Intxoducioiy  Kemaxkfli— Pm^ticid  Mcchanica  la&j  he  defined  ta  be  the  art  of 
applying  the  tluiorcticol  principles  of  mechauical  pLiloaophy  to  matcriala,  so  that  they 
are  faaLioncdj  arranged^  and  combined  in  the  various  forms  reqiured  hy  man*  It  i£ 
difficult  in  any  cage  to  draw  an  eiact  line  of  saparatioa  betveea  the  theoretical  and  tlie 
pmetical ;  for  all  true  theory  is  foundi^d  on  practice^  and  all  Htilfnl  practice  U  tbe  appli- 
cation of  true  theory*  In  the  case  of  Mcchanit;Sj  the  separating  line  between  the  theory 
and  the  practice  is  eminently  difficult  io  ho  traced ;  for  tho  derelopment  of  principles 
d(^pends  at  every  step  upon  practical  cxp^rimunt,  and  tho  improvctncntB  iu  mechanioal 
wta  are  generally  the  results  of  Oittndcd  rcfloarcli  into  the  principles.  It  ia  true^ 
indeed  J  that  a  grt^at  range  of  mechanical  theory  can  he  investigated  by  abatract 
reaeoning  upon  a  few  simple  principles,  just  as  mathematical  science  is  built  upon  a  few 
dc&iitiouB  and  truths;  but  it  is  remarkable  that  little  progress  was  ever  mado  in 
mechanical  science  vmtil  men  began  to  translate  the  actual  results  of  experiment,  la 
Mathematics^  which  is  certainly  the  science  of  all  others  requiring  the  least  amount  of 
eiperimental  proof,  the  ancients  made  considerahle  progress,  because  the  minda  of  men 
in  fanner  times  wero  quite  as  well  fitted  for  the  investigation  of  abstract  truths  as  those 
of  modem  mathematicians ;  hut  in  the  scient^cs  which  d&mand  experimental  proof — 
such  as  Chemiatrvi  Optica,  Astronomy,  and  Mechanics — little  progress  was  ever  mado 
until  philosophoTS  began  to  observe  facts,  and  thence  reasoned  to  their  catises.  For 
many  apis  of  the  world^a  hiatory,  it  was  the  custom  of  men  pretendirg  to  ecienoe  to 


Digitized  by 


Google 


226 


MACHIKKBY  OF  THB  AKOIEinS. 


start  in  their,  own  minds  some  hypothesia  or  conjecture  about  some  law  of  nature;  to 
build  upon  this  slippery  foundation  a  vast  scheme  of  nature ;  and  then  to  wonder  that 
natural  phenomena  did  not  suit  ibeir  ammgementk  In  some  such  way  as  this  the 
astronomers  of  old,  with  a  few  illnstrioua  exceptions,  took^it  for  granted  that  an 
enormous,  in  their  noticms  a  boundleai,  mass,  mch  as  the  earth,  could  not  moye;  and 
therefore  that  the  sun,  moon,  plasetSy  and  stars,  revc^Ted  in  daily  eyde  round  it. 

Axchit^otvze  of  Aatlqmitj« — ^In  rei^ect  of  mechanical  icienoe,  the  andeniB 
appear  to  have  been  -very  deficient  lliey  had,  indeed,  tolerably  true  notions  respeeting 
the  constntction  of  buildings  in  such  a  manner  aa  to  ensure  permanence  and  stability; 
but  for  these  qualities  they  seem  to  have  depended  almost  entirely  on  rude  streiq^  and 
massivenesa,  instead  of  skilful  amagement.  Among  the  gigantic  remaina  of  Egyptian 
architecture,  there  is  not  found  a  8in|^  arch;  the  only  approach  to  it  is  the  yaolt  of  a 
passage  hoUowed  13:6  an  arch,  but  made  of  two  or  three  immense  blodks  of  atone  cut  to 
the  vaulted  form.  Again,  among  tiie  ruins  <^  Central  America,  remarkable  for  their 
enormous  extent  and  elaborate  deoomtion,  the  passages  of  SKh  buddings  as  remain 
tolerably  entire  are  found  to  be  covered  by  blocks  of  Btooe,  azxsBged  as  in  Fig.  1.  The 
:^^  beautiful  and  stable  aisangement  of  materials 


in  the  foaa  of  an  aroki  does  not  seem  to  have 
occurred  to  the  architeets  of  antiquity,  until  the 
comparativdy  recent  era  of  the  Eoman  Empire. 
It  is  difficult  to  ascertain  whether  the  ancients 
were  acquainted  with  any  of  the  forms  of  roo& 
now  in  use,  on  account  of  the  perishable  nature 
of  tiie  materials:  but  it  is  probable  that  they 
knew  no  such,  melliod  of  covering  large  spaces ; 
and  for  covering  apartments  of  more  limited 
extent,  they  had  no  resource  but  the  use  of 
large  masses  of  stone. 
BKachiBery  of  Alitlqulty. — In  respect  of  machinery,  the  Mxcients  appear  to 
have  been  extremely  deficient,  for  we  have  records  of  no  apparatus  except  certain  ho- 
plements  of  war  and  of  the  chase,  and  a  fbw  rude  contrivances  for  irrigating  and  cul- 
tivating the  ground.  But,  indeed,  even  in  modem  times,  die  mechanical  arts  had  made 
little  advance  until  the  genius  of  Watt  had  given  to  man  a  power  applicable  alike  to 
manipulation  of  the  most  delicate  character,  and  to  labour  demanding  the  most  gigantic 
strength.  Could  a  man  who  lived  in  England  but  a  hundred  years  ago  now  revisit  his 
country,  he  would  in  mechanical  art  find  a  change  far  greater,  an  advance  more 
astonishing,  than  the  whole  progress  made  from  the  creation  of  the  worid  up  to  the 
time  at  which  he  lived. 

Modem  BKaehlnery. — That  a  man  seeing  all  the  wonders  of  modem  art,  as  they 
have  lately  been  seen  at  the  great  Exhibitions,  should  endeavour  to  attain  a  knowledge 
of  their  nature  and  construction,  may  at  first  sight  appear  presumptuous,  because  of  the 
vast  extent  and  variety  of  the  objects  which  he  woiJd  have  to  master ;  and,  indeed, 
unless  one  were  prepared  to  devote  his  lifetime  to  mechanical  art,  he  could  scarcely  hope 
to  know  accurately  the  details  of  modem  machinery,  much  less  to  attain  the  skill  of  a 
master  in  all  its  varied  departments.  But,  with  a  fair  knowledge  of  some  simple  first 
principles,  and  an  introductory  glance  at  a  few  of  the  leading  details  that  are  common 
to  all  mechanical  arrangements,  we  believe  it  would  not  be  difficult  to  attain  a  good 
general  knowledge  of  mechanical  art,  and  a  readiness  at  comprehending  any  mechanical 
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arangements  that  maj  be  brought  under  hu  notioe.  Few  wiU  be  indlined  to  cUipute 
the  adyaotages  of  poeseseiag  even  suoh  a  moderate  knowledge  of  Meehaaiofl  as  fhifl 
implies,  for  in  modem  times  but  little  advaaoe  oan  be  made  in  any  iiaeful  pursfiit  with- 
out the  aid  of  mechanical  knowledge.  Praotloal  Keohanics  may  indeed  be  called  the 
ftandmaid  of  the  other  arts.  The  sculptor,  the  aiehitect,  the  musician,  the  chemisti  the 
astronomeri  the  ERirgeon,  the  merchant,  the  manufacturer,  the  builder,  the  military  man, 
the  dTihan,  the  traveller,  and  the  emigrant,  allcequire  her  semo6»--aU  reap  the  benefit 
of  her  labours. 

UecJuuBical  XawMiton. — It  is  generally  auppoaed  that  inyent(»8  in  the  arta,  as 
well  as  discoTeners  in  the  sciences,  owe  their  success  to  soma  fortunate  accident.  We 
think  it  may,  in  most  cases,  be  shown  that  such  is  not  the  fact.  Almost  CTery  famous 
discoyery,  ox  useful  invention,  has  been  the  result  of  lo^g,  often  painful  and  labori- 
ous, thought  and  research ;  and  success  has  often  followed  repeated  failures,  accuracy  has 
succeeded  repeated  faults.  That  there  is  a  natural  genius  for  invention  peculiar  to 
some  minds,  cannot  be  doubted ;  but  that  genius  alone,  without  labour  and  study,  haa 
ever  led  to  briUiant  results^  may  as  firmly  be  denied.  Mechanics,  aa  an  art,  in  a  pecu- 
liar manner  demanda  concentrated  thought ;  there  should  be  no  waiting  for  aome  inapi- 
ration  to  bridge  over  a  mechanical  difikulty.  Let  a  man  gird  himself  to  his  taak,  and 
determine  thoroughly  to  think  out  the  subject  he  may  have  on  hand,  and  we  venturei 
to  predict  that  he  will  find  few  difficulties  insurmountable. 

GoBaectlon  of  Kechanics  and  Gbemistvy. — The  two  sciences  that  deal 
with  matter  in  its  various  a£ections  and  modifications  are  Chemical  and  Mechanical 
Philosophy.  The  former  treats  of  the  influences  a£Eecting  its  minute  particles,  and  the 
combinations  of  these  particles  ^  the  latter  haa  reference  to  masses  of  matter,  and  the 
forces  and  motions  of  masses  or  aggregations  of  particles.  These  two  sciences  frequently 
encroach  upon  the  other'a  domain,  far  there  are  numy  simiJaj  phenomena  developed  by 
the  action  of  natural  laws  on  masses  as  well  aa  on  particles,  and  it  ia  often  difficult  to 
draw  a  line  of  separation  between  the  subjects  of  the  two  sciences.  QuestioBfl  relating 
to  heat,  light,  electricity,  and  magnetism,  £orm  part  of  both  sciences  alike,  and  can 
scarcely  be  said  to  belong  to  the  one  more  than  to  the  other.  There  are  questions,  how- 
ever, which  are  purely  chemical,  and  others  aa  distinctly  mechanical. 

The  practical  mechanic,  examining  a  structure  or  a  machine,  aeea^  fe^  and 
measures  the  parts  of  which  it  consists,  traces  the  laws  that  govern  its  equilibrium  or  ita 
movements,  and  determines  the  principles  which  have  been  adopted  in  its  eonatructaon. 

Statical  and  ]>y]iajmloal  MedianiGS.— The  objects  of  Practical  Meohanicsnuiy 
be  divided  into  Statical  and  Dynamical.  Statical  mechanics  has  reference  to  the  formation 
and  arrangement  of  materials  intended  to  remain  in  a  state  of  rest ;  its  principal  objects  are 
permanence  and  stability.  It  has  to  consider  the  strength,  elasticity,  flexure,  weight,  and 
durability  of  the  materials  with  which  it  deals.  It  haa  to  enq>loy  the  luroper  substatnoea 
for  its  purposes,  put  them  in  their  right  places,  make  them  of  suitable  forms,  and  unite 
them  firmly  together,  or  so  arrange  them  that  the  tendency  to  change  their  relative 
position  when  affected  by  external  forces  shall  be  the  leaat  possible.  The  civil  and 
the  naval  architect  or  the  builder,  whose  buainess  it  ia  to  make  large  ikbrics  by 
putting  together  numerous  small  pieces,  is  indebted  for  the  durability  and  strength 
of  his  structure  to  the  application  of  statical  mechanics.  So  also  the  miner  or 
the  civil  and  military  engineer,  who  has  to  form  extensive  excavations,  erect  embank- 
ments, bridges,  tide  works,  or  fortifibcations,  requires  an  iatimate  knowledge  of  statical 
mechanics. 
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Dynamical  meohanics,  on  the  other  hand,  has  reference  to  the  forms  and  combina- 
tions of  materials  with  a  yie-w  to  motion.  Its  principal  objects  are  the  generation, 
communication,  and  application  of  power  and  force,  in  order  to  change  the  forms  or 
arrangements  of  materials.  Its  products  are  tools,  implements,  machines,  engines,  or 
apparatus;  it  teaches  us  how  to  choose  the  most  suitable  materials,  produce  tho 
strongest  and  most  serviceable  forms,  arrange  their  respective  motions  so  as  to  secure 
regularity  and  Himmiab  resistance,  with  a  view  to  economy  of  labour  and  durability  of 
structure.  The  fsmner,  the  brickmaker  and  stoneworker,  the  carpenter  and  smith, 
tho  spinner  and  weaver,  the  worker  in  pottery  and  metals,  are  aU  employed  in  changing 
the  forms  and  arrangements  of  the  materials  submitted  to  them ;  and  they  have  all 
to  use  the  apparatus  provided  by  the  machinist,  and  the  machinist  practises  the  art  of 
dynamical  mechanics  in  devising  and  executing  the  implements  suitable  for  their  and 
his  own  use. 

In  statical  and  dynamical  mechanics,  the  chief  study  is  economy  of  material,  labour, 
and  cost.    In  any  structure,  whether  for  stability  or  movement,  by  an  unsparing  use  of 
materials  it  may  generally  be  possible  to  seciu%  the  necessary  strength.    But  it  frequently 
.happens  that  the  usefulness  of  a  construction  would  be  seriously  diminished  by  a  rude 
accession  of  mere  strength ;  and  in  all  cases,  elegance  of  construction  is  manifested  by  the 
careful  and  ingenious  arrangement  of  materials,  and  not  by  their  absolute  mass.   Accord- 
ingly, we  find  that  as  mechanical  art  advances,  lightness  and  neatness  of  structure  take 
the  place  of  magnitude  and  weight;  and  improvements  in  existing  constructions  or 
arrangements  are  made  to  depend  for  their  merits  on  the  saving  of  material  and  labour 
which  they  effect.    Perhaps  the  most  stable  structures  that  mankind  have  ever  formed 
are  the  pyramids ;  and  as  works  of  enormous  magnitude,  of  great  age  and  mysterious 
purpose,  they  excite  admiration  and  wonder.    But  when  one  considers  their  form  and 
the  arrangement  of  their  parts,  their  durability  is  not  to  be  wondered  at.    A  lull  of 
mere  sand,  not  blown  upon  by  strong  winds  or  washed  by  heavy  rains,  would  retain  for 
ever  its  pyramidal  form,  and  would  be  an  object  of  as  great  beauty  and  utility  as  the 
pyramid  itself.    The  sovereigns  of  Egypt  had  probably  at  their  command  an  enormous 
amount  of  human  power,  and  knew  no  better  object  on  which  to  employ  it  than  the 
erection  of  some  immense  pile  to  gratify  their  pride  while  living  and  contain  their 
bodies  when  dead.    We,  living  thousands  of  years  after  them,  do  not  see  the  pain  and 
labour  of  their  slaves,  and  scarcely  know  how  much  misery  might  have  been  spared 
mankind  had  their  labour  been  applied  to  better  uses.    In  the  mere  paving  of  the 
metropolis  we  have  more  material  and  more  labour  applied  to  a  useful  purpose  than 
was  required  for  the  largest  of  the  pyramids.    In  our  harbours  and  docks,  our  canals 
and  railways,  we  have  works  far  more  stupendous;   and  in  our  steam- vessels  and 
manufactories  we  have  power  at  work  exceeding  the  capabihties  of  the  whole  ancient 
world.    But  with  all  this  it  is  the  object  of  the  engineer  and  machinist  to  study  the 
greatest  possible  economy  of  material  and  of  labour. 

Knowledge  of  Strength  of  BCaterials  ITecessazy.— Whatever  be  the 
elements  which  constitute  beauty,  in  works  intended  for  ornament,  we  see  beauty  in 
things  made  for  use,  just  in  proportion  to  their  fitness  for  their  purpose.  Parts  out  of 
place,  deficiency  or  redundance  of  material,  elaboration  not  called  for,  and  deviation  from 
just  proportion,  become  glaring  defects  in  any  structure  or  apparatus  formed  for  useful 
purposes ;  and  no  amount  of  decoration  or  finish  can  reconcile  us  to  a  disproportioned  or 
imskilfiilly  designed  fabric.  It  is  therefore  most  important  that  the  practical  mechanic 
should  form  an  intimate  acquaintance  with  the  strength  of  the  various  materials  \rith 
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which  he  deals ;  their  powers  to  resist  strains  in  various  direotions,  and  tne  arrange- 
ments soitable  for  making  use  of  these  qualities  to  the  great^t  advantage.  In  the 
theoretical  portion  of  this  subject  there  is  much  that  is  abstract  and  mathematical,  but 
nothing  so  dif&cult  that  the  fair  exercise  of  judgment  may  not  lead  to  yeiy  sound  con« 
elusions  respecting  it.  All  the  main  facts,  however,  respecting  the  strength  of  materials, 
are  the  result  of  experiment  and  observation ;  and  the  true  use  of  theory  in  a  subject  like 
this,  is  to  analyze  and  classify  these  results.  If  it  is  found,  for  instance,  that  several 
beams  of  timber  of  known  dimensions  are  capable  of  sustaining  certain  strains  applied 
to  them  in  certain  directions,  it  is  not  difficult  to  form  general  rules  by  which  the 
strength  of  other  beams  differing  in  dimensions,  or  their  strength  to  resist  strains  in 
certain  other  directions,  may  be  computed.  The  careful  mechanical  designer  either  makes 
experiments  for  himself,  or  accepts  the  observations  of  others,  and  deviseiB  his  structures 
in  such  a  manner  as  to  take  advantage  of  these  results.  Practice  in  design,  and  frequent 
observation  of  successful  works,  do  much  to  form  the  eye  of  a  designer,  so  that  the 
mere  appearance  of  a  thing,  whether  drawn  or  executed,  satisfies  his  sense  of  just  pro« 
portion,  or  the  reverse.  It  is  indeed  a  wonderful,  as  it  is  a  most  valuable  property  of 
the  mind,  that  it  can  readily  recognize  and  prefer  the  useful  and  suitable ;  and  as  the 
just  and  the  true  recommend  themselves  to  the  mental  and  moral  sense,  so  does  the 
fitting  in  design  recommend  itself  to  the  eye.  Some  individuals  are  gifted  by  nature 
with  a  keener  sense  and  readier  power  of  discriminating  these  qualities,  and  can  there- 
fore criticise  more  truly  or  design  more  skilfully  than  others.  But  where  there  is  a 
love  for  mechanical  pursuits,  or  a  desire  to  study  mechanical  works,  we  believe  much 
of  this  power  may  be  readily  acquired. 

Communicating  Power. — In  the  dynamical  branch  of  Mechanics  there  are 
subjects  of  great  interest  and  extensive  application  which  demand  the  utmost  atten- 
tion;  we  allude  to  the  means  of  deriving  and  communicating  power.  If  we  ask  our- 
selves what  power  means,  we  can  scarcely  define  it  by  any  simple  term ;  we  may  say 
that  it  is  the  capability  of  doing  work  or  producing  change.  We  start  with  the  idea, 
which  is  a  true  one,  that  all  matter  is  inert,  incapable  of  receiving  motion,  of  being  brought 
to  rest,  or  of  undergoing  any  kind  of  change  whatever  of  its  own  accord ;  some  extra- 
neous force  or  power  has  to  be  impressed  upon  it,  and  the  quantity  of  change  effected 
is  the  work  done.    When  we  lift  a  weight  from  the  ground,  the  hand  exerts  a  certain 


Fig.  2. 
ftmount  of  power,  and  produces  a  certain  apiount  of  work ;  an  act  of  mental  volition 
communicates  through  the  nerves,  in  some  way  unknown  to  us,  an  influence  to  the 
muscles  of  our  arm,  which  causes  them  to  contract    The  muscles  are  attached  at  both 

~  '  Digitized  by  VjOO^  It: 


230  MODB  or  cA£cnniATnf«  poims. 

ends  to  the  bones,  whioh  are  rigid  levers  jointed  together:  one  end  of  snch  a  bone  or 
lever  being  fixed,  as  at  tbe  elbow-joint,  and  tJie  muscle  being  contcaoted;  tiie  otber  end 
of  ^he  leyer,  to  whlob  is  attached  the  hand  holding  the  weight,  is  caused  to  moTe 
through  a  certain  space,  and  thus  to  lift  the  weight  a  certain  height  (Fig.  2). 

This  ia  a  case  of  power  employed  in  producing  motion;  but,  after  the  weight  is 
lifted,  power  must  still  bo  exercised  in  retaining  it  in  its  position,  for  were  the  muscles 
for  one  instant  relaxed,  the  hand  and  weight  would  drop  downwards.  If  snoh  be  the 
case,  we,  may  at  first  sight  imagine  that  our  notion  respecting  the  inertness  of  matter  is 
incorrect,  otherwise  the  hand  and  weight  would  of  themaelTes  remain  where  our  mus- 
cular power  had  placed  them ;  but,  looking  a  little  more  dosdy  into  the  fkcts,  we  find 
that  while  the  matter  with  which  we  deal  is  really  inert,  there  is  a  constant  power 
acting  upon  it  in  opposition  to  our  muscular  power— the  power  of  gmyitating  attraetioii, 
by  which  all  bodies  near  the  earth'«  surfiioe  are  drawn  down  to  it. 

This  power  has  been  found,  by  extended  experiment  and  obsenration,  to  act  eqpiaUy 
on  all  bodies  and  all  parts  of  every  body ;  and  the  measure  of  the  force  with  which  it 
acts  on  any  body  is  its  weight.  In  e^mating  power,  therefore,  weight  is  the  measure 
of  one  important  element;  and  if  we  know  the  weight  which  any  given  power  can  lift 
from  the  earth,  we  have  correct  data  for  calculating  its  amoimt :  in  fact,  we  know  the 
quantity  of  matter  on  which  the  power  has  efilbcted  a  change.  But  there  is  another 
element  of  power  quite  as  important  as  the  quantity  of  matter  acted  on,'--we  mean  the 
quantity  of  change  produced  upon  it.  If  we  find  a  certain  amount  of  exertion  neces- 
sary to  lift  a  weight  one  foot  from  the  ground,  we  shall  find  greater  exertion  necessary 
to  lift  it  two  feet.  The  change  in  both  cases  effected  by  the  power  applied  is  a  change 
of  position ;  but  the  amount  of  change — that  is,  the  distance  through  which  the  weight 
is  moved — ^is  in  the  one  case  double  that  in  the  other.  Experiment  and  observation,  as 
well  as  reasoning,  prove  distinctly  that  the  force  required  to  lift  a  given  weight  is 
exactly  proportional  to  the  distance  through  which  it  is  lifted.  "We  thus  acquire  the 
means  of  computing  another  element  of  power ;  and  can  combine  this  element,  expres- 
sive of  the  amount  of  change  effected,  with  the  former,  which  expresses  the  quantity  of 
matter  upon  which  the  change  is  produced. 

In  comparing  numerically  one  power  with  another,  we  are  therefore  warranted  in 
multiplying  the  weight  lifted  by  each,  by  the  distance  through  which  it  is  lifted,  and 
comparing  the  results.    Thus,  if  one  man  lift  20  lbs.  1  foot  high,  and  another  lift  30  lbs. 

1  foot  high,  we  say  that  the  powers  exerted  by  tihe  two  men  are  as  20  to  30,  or  as 

2  to  3;  or  if  one  lift  20  lbs,  2  feet  high,  and  the  other  lift  20  lbs.  3  feet  high,  the 
powers  they  exert  are  as  20  multiplied  by  2  (that  is,  40),  to  20  multiplied  by  3  (that  is, 
60) ;  or  as  2  to  3.  Again,  let  the  one  lift  20  lbs.  2  feet  high,  and  the  other  30  lbs.  3  feet 
high,  their  powers  are  as  20  multiplied  by  2  (that  is,  40),  to  30  multiplied  by  3  (that  is, 
90) ;  or,  more  simply,  as  4  to  9. 

But,  recurring  to  our  definition  of  power  as  being,  the  capability  of  effecting  change, 
we  must  see  that  there  is  yet  another  element  of  calculation  necessary  for  estimating 
different  capabilities;  as  yet  we  have  reckoned  only  the  amount  of  work  done,  and 
have  paid  no  regard  to  the  time  required  for  doing  It.  A  few  coral  insects,  labouring 
successively  for  centuries,  may  form  an  island,  which  it  would  require  thousands  of 
workmen  to  raise  in  a  short  period ;  but  yet  the  power  of  each  workman  far  exceeds 
t3iat  of  the  insect,  and  the  two  can  only  be  compared  by  supposing  them  to  be  exerted 
during  equal  times.  Now,  it  is  clear  that  a  certain  work  being  done,  the  shorter  the 
period  required  for  doing  it,  the  greater  is  the  power  exerted ;  and  coirverseiy .    In  com* 
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paring  po-wers  nninerically,  we  muflt  therefore  diyide  the  work  done  hj  each  b j  the  time 
occupied  in  performing  it,  in  order  to  he  able  to  estimate  their  comparatiye  amounta. 
Suppose  one  man  lifts  20  lbs.  12  feet  high  in  3  minutes,  and  another  lifts  30  lbs.  10  fe^t 
high  in  2  minutes,  the  work  done  by  each  is  20  lbs.  X  ^2  feet,  or  240,  and  30  lbs.  X 
10  feet,  or  800,  respectively ;  but  240  dirided  by  3  minutes  are  80,  and  300  divided  by 
2  minutes  are  150 :  the  powers  of  the  two  are  therefore  in  the  proportion  of  these 
numbers,  80  to  150 ;  or,  more  simply,  8  to  15. 

Standard  of  Power. — ^We  have  now  found  means  of  measuring  all  the  elements 
of  power,  and  thtis  determining  its  amount.  For  the  sake  of  convenience^  we  fix  upon 
some  standard  power  with  which  we  can  compare  others,  Just  as  we  fix  on  a  standard 
weight,  snch  as  a  pound,  or  a  standard  length,  as  a  fbot ;  and  knowing  the  value  of 
several  powers  as  compared  with  this  standard,  we  can  estimate  their  values  as  com- 
pared with  one  another.  The  standard  power  usually  adopted  in  practical  mechanics 
is  a  horse-power,  which  has  been  defined  to  be  33,000  lbs.  lifted  1  foot  high  in  1  minute. 
The  number  of  pounds  lifted,  33,000,  was  determined  from  the  average  of  numerous 
experiments  made  wilh  horses  at  work.  "Whether  it  be  an  accurate  expression  of  the 
power  of  an.  average  horse  or  not,  is  of  little  consequence,  provided  it  be  generally  ac- 
cepted and  Ttnderstood  as  a  standard  measure  of  power.  "Were  there  no  such  standard, 
each  meehanio  might  make  an  estimate  of  his  own :  one  might  compute  the  work  of  a 
very  strong  horse,  the  other  of  a  very  weak  one.  Thus,  steam-engines  or  other  appara- 
tus might  be  suppKed  of  all  diffferent  strengths  and»  sizes,  and  yet  purporting  to  be  of 
equal  powers ;  or  apparatus  of  like  strengths  and  dimensions  might  be  stated  to  be  of 
very  different  powers.  But,  this  standard  once  fixed,  it  is  the  duty  of  a  mechanic  to 
estimate,  by  experiment  or  calculation,  the  weight  which  the  engine  he  makes  can  lift 
a  given  height  in  a  given  time,  or  the  weight  which  moving  through  a  given  height  in 
a  given  time,  can  work  efSfciently  some  apparatus  which  he  may  have  fabricated ;  and  he 
can  then  state  the  power  which  his  engine  furnishes,  or  which  his  apparatus  requires, 
in  terms  intelligible  to  all  the  world.  It  is  clear  from  what  has  preceded,  that  a  horse- 
power does  not  mean  precisely  83,000  lbs.  lifted  one  foot  in  one  minute,  but  a  power 
equivalent  to  that;  as,  for  instance,  830  lbs.  lifted  100  feet  in  one  minute,  3,300  lbs.  lifted 
one  foot  in  one-tenth  of  a  minute ;  or,  in  fact,  any  weight  on  multiplying  which  by  the 
distance  moved  and  dividing  the  product  by  the  time  occupied  in  the  motion,  the  result 
shall  be  38,000. 

These  considerations  may  be  somewhat  simplified  by  combining  the  distance  and 
time  into  one  term,  which  we  call  velocity  or  speed.  Velocity  is  directly  proportional 
to  liie  distance  passed  over,  and  inversely  proportional  to  the  time  occupied  in  the  transit, 
A  railway  train  that  passes  over  50  miles  in  an  hour,  has  double  the  velocity  of  one  that 
travels  25  miles  an.hour,  because  50  is  double  25.  Again,  a  train  that  travels  25  miles 
in  an  hour  has  double  the  velocity  of  one  that  passes  over  the  same  distance  in  two  hours. 
To  compare  the  velocities  numerically,  we  divide  the  distances  by  the  times  of  each. 

In  estimating  powers,  since  our  standard  is  given  in  feet  fbr  distance,  and  minutes 
for  time,  we  divide  the  distance  in  feet  by  the  time  in  minutes,  and  thus  get  the 
velocities.  The  weight  in  pounds  lifted^  multiplied  by  the  velocity  thus  reckoned,  gives 
a  product  which,  being  divided  by  83,000,  shows  the  number  of  horses' -power.  Suppose 
an  engineer  were  required  to  furnish  a  steam-engine  capable  of  pumping  165,000 
gallons  of  water  every  hour,  to  a  height  of  120  feet,  he  woidd  reckon  thus : — An  hour 
contains  60  minutes ;  and  120  divided  by  60,  gives  2  feet  per  minute  as  the  velocity  with 
^ich  the  required  volume  of  water  must  be  lifted.    A  gallon  of  water  weighs  10  lbs. ;. 
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therefore,  165,000  gaUons  weigh  1,650,000  lbs. ;  this  weight  moyed  at  the  yelocity  of 
2  feet  per  minute  is  equivaleiit  to  1,650,000  x  2,  that  is  3,300,000  lbs.  lifted  1  foot 
in  1  minute.  Dividing  this  by  33,000,  the  quotient  is  100  horse-power  as  the  actual 
force  required  to  do  the  work  in  the  time  giyen.  He  would,  therefore,  proceed  to  make 
an  engine  which,  after  providing  for  aU  mechanical  losses  in  the  operation,  shoukL  be 
capable  of  producing  this  effect. 

The  principal  sources  of  power  are,  the  muscular  forces  of  men  and  am'mala,  the 
natural  motions  of  air  and  water,  the  weight  and  elasticity  of  materials,  and  the  changes 
effected  in  bodies  by  the  action  of  heat  and  electrical  and  chemical  action.  It  is  the 
business  of  the  mechanic  to  utilize  these  forces,  to  regulate  and  control  them,  to  change 
or  modify  their  directions,  velocities,  or  intensities,  so  that  they  may  be  made  to  do 
certain  work  in  the  best,  most  economical,  and  expeditious  manner.  In  addition,  there- 
fore, to  hisknowledge  of  the  materials  on  which,  or  through  which,  these  forces  have  to 
act,  he  must  have  an  intimate  acquaintance  with  the  nature  and  laws  of  the  forces 
themselves,  as  discovered  by  experiment,  or  investigated  abstractly.  It  is  a  fortmiate 
circumstance  for  man,  considering  the  brief  period  allotted  for  individual  research,  that 
,the  laws  of  nature  are  of  the  most  simple  character,  and  that  he  is  gifted  with  faculties 
that  enable  him  to  communicate  the  results  of  his  investigations  through  great  distances 
and  over  lengthened  periods.  Every  successive  discovery  in  natural  science  throws 
additional  light  over  aU  that  has  preceded,  opens  i^>  new  fields  for.research,  and  su^^esta 
new  modes  of  practical  action.  Ii^  the  arts  likewise,  an  ingenious  invention  aimplifies 
much  that  formerly  was  rude  and  cumbrous,  facilitates  operations  formerly  deemed  im- 
practicable, and  furnishes  the  means  of  practising  new  and  unheard-of  branches  of  art. 
Let  one  but  con^pare  the  state  of  mechanical  art  as  it  was  before  the  time  of  Watt,  and  as 
it  is  now ;  and  the  more  deeply  he  investigates  the  question,  the  more  wUl  he  besurprised 
at  the  enormous  change  effected  by  a  few  simple  but  most  ingenious  modifications  of  a 
machine  for  utilizing  the  power  developed  by  subjecting  water  to  the  action  of  iieat. 

The  steam-engine  has  indeed  exerted  so  vast  an  influence  on  the  arts,  that  we  shall 
think  it  necessary  to  devote  considerable  space  in  what  follows  to  its  description,  in 
detail.  We  are  the  more  strongly  urged  to  this,  because  we  believe  that  the  student 
who  can  master  the  details  of  the  construction  and  application  of  this  apparatus,  will  be 
^prepared  to  find  his  way  through  any  branch  of  Practical  Mechanics. 

Application  of  Poorer. — ^The  mere  supply  of  forces  for  our  various  purposes 
would  be  of  little  benefit  to  us  unless  we  had  ingenuity  sufficient  to  find  modes  of  apply- 
ing them.  AU  work,  as  we  have  already  hinted,  means  the  effecting  of  changes  of  some 
kind  or  other ;  and.  all  changes  of  matter  imply  motions  either  of  masses  or  of  parts.  A 
.most  interestiiig  and  extensive  branch  of  Practical  Mechanics  consists,  therefore,  in  the 
discussion  of  the  various  modes  of  communicating  and  modifying  motion.  The  tr«ro 
elements  of  which  power  consists — ^viz.  the  weight  or  mass  acting,  and  the  velocity 
with  which  it  acts — are  convertible.  Having  a  certain  power  to  work  with,  we  can. 
give  up  a  certain  amount  of  its  weight,  and  thereby  gain  in  velocity,  or  sacrifice  velocity 
in  order  .to  gain  in  weight.  We  cannot  create  any  addition  to  the  power  ..either  in. 
weight  or  in  velocity,  nor  can  we  annihilate  any  portion  of  it.  We  can,  doubtless, 
apply  the  power  with  better  effect  to  .the  work,  and  thereby  save  a  loss ;  or  we  can  mis- 
ap]^ily  a  portion  of  the  power,  and  thereby  render  it  ineffective  for  the  purpose  intended. 
A  power  applied  to  put  in  motion  any  part  of  a  train  of  machinery,  will  be  found  acting^ 
at  any  other  part  of  the  same  train. 

If  we  could  make  our  workmanship  absolutely  pecfeot,  could  have  materials 
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lutely  rigid  and  frictionleflSy  and  could  remore  our  machinery  from  the  influence  of 
all  extraneous  reaistanoe,  we  should  find  in  every  part  of  it  an  equal  development  of 
power.  Some  parts  may  be  moving  more  slowly  than  others,  but  then  they  act  with 
greater  pressure  or  weight;  some  parts  may  act  with  less  pressure,  but  then  they  are 
moving  with  greater  velocity :  in  short,  in  every  part  of  such  a  perfect  machine  we 
should  find  the  pressure  multiplied  by  the  velocity — ^that  is,  the  power  or  momentum 
exactly  alike.  Even  with  our  comparatively  imperfect  worknumship,  we  are  quite  safe 
in  estimating  according  to  this  rule,  without  the  necessity  for  mRlring  much  allowance 
for  external  resistance.  In  the  works  of  a  dock,  the  wheel  fixed  to  the  bairel  which 
carries  the  weight  revolves  so  slowly,  that  its  motion  is  quite  imperceptible;  and 
thix)ugh  the  teetii  of  this  wheel  is  conveyed  the  force  which  puts  the  whole  clock-train 
in  motion,  a  weight  of  many  pounds.  Again,  the  escapement-wheel,  which  sustains 
the  motion  of  the  pendulmn,  revolves  with  comparative  rapidity,  but  with  so  little 
apparent  power,  that  an  opposing  pressure  of  a  few  ounces  might  completely  stop  it ; 
yet,  on  stopping  thus  the  escapement-wheel,  we  stop  also  the  barrel-wheel,  and  the  few 
ounces  applied  to  the  one  effectually  oppose  the  many  pounds  acting  on  the  other :  in 
&Gt,  the  weight  which  acts  on  the  barrel,  multiplied  by  the  velocity  with  which  it 
moves,  is  equal  to  the  weight  necessary  to  stop  the  escapement,  multiplied  by  the 
velocity  with  which  it  moves. 

Fxiction. — ^We  have  alluded  to  resistance  in  machinery,  the  principal  of  which  is 
friction,  or  the  retardation  caused  by  the  rubbing  together  of  imperfectly-smoothed 
surfaces.  This  Is  a  subject  about  which  little  is  known,  or  probably  ever  can  be  known. 
Some  of  its  general  laws  have  been  successfully  investigated,  and  a  few  general  prin- 
ciples have  been  carried  into  practice ;  but  its  effects  vary  so  much  with  every  change 
of  material — of  speed,  pressure,  workmanship,  and  even  temperature  and  other  circum- 
stances— that,  after  all,  experience  is  the  only  real  guide  in  all  matters  where  it  is 
to  be  considered.  Except  in  a  few  mechanical  arrangements  where  friction  ia  employed 
as  a  useful  resistance,  as  in  the  case  of  the  friction-break  of  a  locomotive  or  of  a  crane, 
it  is  generally  the  mechanic's  object  to  dimininh  it  as  much  as  possible.  The  over- 
coming of  friction  is,  in  fact,  the  wasting  of  so  much  power;  and  as  all  machines  are 
devised  with  a  view  to  economy  in  the  application  of  power,  it  becomes  most  important 
to  reduce  the  waste  to  its  minimmn.  In  aU  devices  for  communicating  and  modifying 
motion,  the  question  of  friction  becomes  nearly  as  important  as  the  question  of  strength ; 
and  many  arrangements  which  are  ingenious,  and  would  be  profitable,  did  friction  not 
interfere,  become  comparatively  useless,  in  consequence  of  its  influence. 

If  one  who  had  never  made  mechanics  his  study  were  introduced  into  a  large  manu- 
factory, and  had  pointed  out  to  him  the  steam-engines,  the  cranks,  levers,  wheels, 
pinions,  straps,  and  other  contrivances  for  conununicating  power  throughout  the  build- 
ing, and  setting  in  motion  each  machine, — ^he  would  at  first  be  bewildered,  and  in- 
clined to  believe  that  the  art  of  communicating  motion  was  intricate  and  complicated ; 
but  were  he  reaUy  to  analyze  the  process  carefully,  and  trace  exactly  the  progress  of 
the  power  or  motion  from  the  prime  mover  to  the  last  machine,  he  would  find  the 
whole  effected  by  the  combination  of  a  few  simple  mechanical  elements ;  and  wonder 
that  through  means  so  simple,  results  apparently  so  complicated  could  be  attained. 

Students  of  astronomy  cannot  help  being  struck  by  the  circumstance,  that  the 
various  motions  of  planets,  satellites,  and  comets,  and  probably  also  of  the  stars  and 
nebulsB,  of  the  fiarthest  and  greatest,  as  well  as  of  the  nearest  and  smallest,  of  the 
heavenly  bodies,  are  all  the  result  of  two  simple  forces,  acting  in  various  directions  and 
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with  difFerent  mtensities.  The  morements  of  the  vast  machine  of  the  tmiverse  present, 
to  a  Buperficial  ohaerver,  inextricable  confusion  and  inexplicable  irregularity;  but  to  a 
mind  like  that  of  Newton  all  was  skill,  order,  and  beauty.  Hie  yery  disturbances  to 
which  the  different  parts  of  the  grand  machine  are  subjected  are  elements  of  stability, 
the  irregularities  are  sources  of  permanence.  In  a  system  of  machinery  devised  by 
human  ingenuity  and  executed  by  human  hands,  there  can,  indeed,  be  'tio  approach  to 
this  simplicity,  order,  and  harmony;  everyftiing  must  be  imperfect  in  proportion  as 
man  is  imperfect,  when  compared  with  the  Divine  Mechanic  of  the  XTniverse. 

In  every  human  work  there  must  be  elements  of  decay,  sources  of  irregularity,  and 
causes  of  instability ;  and  these  can  only  be  reduced  by  diminishing  the  extent  and  com- 
plication of  the  work  itself..  Siipplicity  is,  therefore,  the  great  aim  of  the  mechanic, 
especially  in  arrangements  for  communicating  motion.  Every  wheel,  every  lever,  every 
pulley  that  can  be  saved,  is  saved — ^not  so  much  to  avoid  the  cost  of  its  introduction,  as 
with  a  view  to  simplify  the  machinery,  and  thereby  diminish  the  amount  of  wear,  and 
increase  the  permanence  of  the  whole.  To  the  eye  of  a  practised  mechanic,  therefore, 
the  beauty  of  a  piece  of  machinery  seems  to  depend  more  on  its  simplicity  than  on  any 
other  principle.  The  fewer  the  parts  required  in  any  apparatus  to  render  it  eflfective, 
the  more  ingenious  is  its  contrivance,  and  the  less  is  it  liable  to  derangement,  irregularity, 
and  decay. 

Qaremlng  Tcrwei* — Next  in  order  to  contrivances  for  communicating  power  or 
motion,  may  be  studied  those  for  regulating  and  governing  it,  so  as  to  secure  uniformity 
of  action.    All  the  forces  we  employ,  with  the  exception  of  gravity,  are  subject  to  con- 
tinual variations  of  intensity;  and  even  the  most  unifonnly  regulated  forces,  when  trans- 
mitted through  trains  of  machinery  necessarily  imperfect,  are  subjected  to  considerable 
variations.    Further,  the  forces  we  employ  are  chiefly  used  for  effecting  changes  on. 
materials ;  and  as  the  qualities  and  conditions  of  the  materials  vary,  so  the  quantities  of 
force  required  to  do  the  work  upon  them  differ.    It  becomes,  therefore,  most  important 
that  arrangements  should  be  devised  for  compensating  aU  these  variations  of  fbrce ;  and 
accordingly  great  ingenuity  has  been  developed  in  contrivances  for  that  purpose.     "We 
may  quote  a  very  beautifdl  specimen  of  mechanic  skill  applied  for  a  purpose  of  this 
kind,  in  order  to  illustrate  the  great  use  of  such  arrangements.    "Wind-power  is  used  to 
a  great  extent  for  putting  machinery  in  motion ;  and  yet,  as  we  all  know,  nothing  is 
more  variable  than  the  force  of  wind,  both  in  direction  and  intensity.     In  former  times 
wind-mills  were  made  so  that  the  miller,  watching  the  direction  of  the  wind,  could  turn, 
round  the  sails  of  his  mill  to  face  it,  and  furl  or  unfurl  those  sails  as  he  found  the  breeze 
too  strong  or  too  light  to  give  the  velocity  of  movement  he  might  require.    But  in 
modem  wind-mUls  the  wind  itself  is  made  to  regulate  the  machinery  by  simple  but  in- 
genious arrangements.    In  the  first  place,  if  the  wind  change  in  direction,  it  necessarily 
blows  upon  a  small  subsidiary  set  of  sails  placed  so  that  they  can  be  acted  on  by  a  wind 
that  does  not  directly  blowiipon  the  main  arms ;  by  a  little  simple  machinery,  this  side- 
action  of  the  wind  is  made  to  turn  round  the  head  of  the  mill  until  it  brings  the  great 
flails  irito  the  proper  position  to  receive  its  direct  impulse— just  as  the  wind  acting  on  a 
weathercock  brings  the  arrow-point  round  to  face  it,  by  its  pressure  on  the  broad  feather 
at  the  other  end.    Again,  should  the  force  of  tiie  wind  increase,  this  very  increased 
force  is  made  to  act  upon  a  regulating  apparatus  so  as  to  furl  the  different  divtsions  of 
the  sails,  or  to  turn  the  surfeces  of  which  they  .are  made  up  edgeways  to  its  impulse,  and 
thereby  to  «l^n>iTiiwb  the  surface  on  which  it  acts  proportionally  to  its  increase  of  inten- 
sity.   The  consequence  of  these  contrivances  is,  that  Itom  whatever  quarter  the  wind 
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may  liow,  t]i«  sails  of  the  mill  are  alwaya  direcUy  opposed  to  it  so  as  to  TBoem  ito  ftill 
action ;  and  whatever  be  its  force,  whether  a  gentle  gale  or  a  stiff  bieese,  tiie  power 
conmnmicated  to  the  machinery  does  not  greatly  rary.  Perhaps  the  most  ingenious 
devices  for  regulating  power  and  reloeity  are  those  employed  in  apparatus  for 
the  measurement  of  time*— docks,  watches,  and  the  like,  which  form  one  most  interesting 
branch  of  mechanical  art,  Horology. 

Xfttme  off  MftchlJies. — ^Having  obtained  the  power  neoeSBary  fbr  our  purposes, 
and  haying  found  the  means  of  communicating  it  to  our  machines,  and  of  regulating  its 
intensity  so  as  to  suit  the  work  to  be  done,  we  haye  next  to  inquire  into  the  nature  of 
the  machines  themselTes,  or  the  contriyances  through  which  the  power  is  made  to  act  on 
the  inert  material  subjected  to  it. 

We  can  scarcely  yenture  to  offer  a  yery  distinct  classification  of  machines;  nor 
indeed,  in  a  work  of  limited  compass  like  the  present,  could  we  pretend  to  discuss  in 
detail  all  the  different  classes  of  machinery  now  in  use.  The  subject  is  so  extensive  and 
demands  so  ndnute  a  knowledge  of  what  has  been  done  by  thousands  of  ingenious 
mechanics,  that  ey^a  &e  professed  machinist  cannot  pretend  to  an  intimate  acquaintance 
▼ith  every  branch  of  it.  But  the  qualities  of  mind  and  the  experimental  training  which 
render  a  man  skilful  and  adept  in  one  or  two  of  these  branches,  make  it  easy  for  him  to 
take  up  intelligently  any  other  branch  that  may  be  brought  under  his  notice.  The  same 
general  mechanical  principles  pervade  all  kinds  of  maclunery,  the  modes  of  applying 
them  being  varied  according  to  the  nature  of  the  material  subjected  to  their  operations, 
or  to  the  kind  of  work  to  be  done.  With  the  exception  of  certain  ipecial  apparatus,  we 
believe  almost  all  the  machinery  used  in  modem  times  may  be  classed  under  some  of 
the  following  heads  :— 

L  Machinery  for  raiting  WeighU  and  giving  JVtfMiir*.— Among  these  w©  may  notice 
espedaUy  the  simple  mechanical  powers,  the  lever,  wheel  and  axle,  pulley,  inclined 
plane,  wedge,  and  screw.  Next,  in  order  of  complication,  may  be  mentioned  such 
machines  as  cranes,  erabs,  capstans  and  windlasses,  slips,  tackle  and  travellers,  jacks, 
screw  and  lever  presses,  printing  presses,  and  the  like. 

II.  Machtnerg  for  effecting  Transit  and  Chmmtmication. — ^This  branch  has  of  late 
years  attained  inmiense  importance  by  the  extended  use  of  railways  and  steam  vessels ; 
and  Under  the  head  of  transit,  it  will  embrace  the  consideration  of  vehicles  for  land 
transport,  and  vessels  for  water  carriage,  and  the  various  modes  of  putting  them  in 
motion.  For  the  conmiunication  of  intelligence,  we  now  practise  an  art  unknown  in 
former  times,  and  one  deserving  of  detailed  consideration  from  its  marvellous  nature  and 
the  important  influences  it  is  likely  to  exercise  upon  human  civilization.  We  allude  to 
the  electric-telegraph,  to  which  perhaps  greater  ingenuity  has  been  devoted  within  a 
&w  years  than  has  been  displayed  in  any  other  branch  of  mechanical  art  during  pre* 
ceding  ages. 

III.  Machinery  for  Moving  ^KMfo.—This  branch  naturally  includes  hydraulic 
apparatus,  such  as  pomps,  flre-engines,  hydraulic  presses  and  lifts ;  and  also  machinery 
for  moving  air,  such  as  bellows,  blowing-cylinders,  fanners,  and  the  like. 

rV.  Machinery  fw  changing  the  forme  of  Solid  Materials. — ^This  is  perhaps  the  most 
extensive  branch  of  mechanical  art,  as  it  includes  all  apparatus  for  cutting,  piercing, 
moulding,  bending,  (pushing,  and  sooh  like  operations.  It  maybe  subdivided,  according 
to  the  materials  on  which  the  operations  are  to  be  effected,  as  follows : — 

1,  Machinery  for  preparing  animal  and  vegetable  products;  as  oil,  tallow,  leather, 
flour,  sugar,  vegetable  oila  and  extracts,  caoutchouc,  and  gutta-percha. 
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2.  Machinery  for  preparing  mineral  products;  as  stones,  bricks,  cements,  ores, 
pottery- ware,  glass,  pigments,  and  the  like. 

8.  Machinery  for  sawing,  planing,  moulding,  bending,  and  carving  timber. 
4.  Machinery  for  working  metals ;  as  in  the  operations  of  moulding  and  casting, 
forging,  rolling,  and  wire-drawing ;  bending,  shearing,  punching,  and  riyetting ;  drilling, 
turning,  and  boring ;  planing,  shaping,  and  the  like. 

y.  Machinery  used  in  the  manufaeture  of  Textile  Fahries. — This  is  likewise  a  most 
extensiye  and  interesting  branch  of  mechanical  art,  and  one  of  the  highest  importance 
to  us  as  a  nation,  as  well  as  to  the  world  at  large.  It  includes  directly  the  apparatus 
and  processes  employed  in  preparing  the  crude  materials,  such  as  wool,  flax,  cotton,  and 
silk ;  the  yarious  operations  of  dressing,  carding,  spinning,  weaving,  dyeing,  bleaching, 
calico-printing,  and  the  like.  Under  the  same  head  may  also  be  discussed  the  machinery 
Vor  making  ropes  and  cordage,  and  for  the  manufacture  of  paper. 

YI.  Machinery  for  Measuring  and  Calculating. — ^The  apparatus  included  in  thid 
class  are  mostly  of  that  exact  character  required  for  philosophical  experiment  and  ob- 
servation, such  as  indicators,  dynamometers,  gauges,  balances,  and  mathematical  and 
optical  instruments;  but  there  is  one  extensive  and  interesting  branch,  horology, 
devoted  to  apparatus  for  the  measurement  and  division  of  time,  which  will  deserve 
especial  consideration,  as  well  from  its  usefalness  as  from  the  great  ingenuity  displayed 
in  it.  In  this  class  we  may  include  some  other  apparatus,  which,  though  not  distinctly 
falling  within  the  scope  of  its  title,  yet  present  in  some  respects  considerable  similarity 
to  some  of  those  included ;  we  mean  automata  and  musical  instruments. 

These  six  classes,  we  believe,  include  the  greater  part  of  the  machinery  used  in 
modem  times,  with  the  exception  of  such  as  rather  fall  within  the  range  of  other 
treatises  than  of  one  devoted  to  practical  mechanics, — as,  for  instance^  agricultural  im- 
plements, and  implements  of  war.  In  what  follows  we  will  not  pretend  to  give  detailed 
descriptions  of  many  of  the  different  machines  included  in  those  classes ;  we  shall  en- 
deavour rather  to  select  a  few  of  such  as  are  most  generally  used,  and  involve  in  their 
construction  the  principles  which  are  applied,  in  a  modified  form,  to  others, — reserving 
the  subjects  themselves  for  future  exposition. 

Wbile  improved  education  and' extended  acquaintance  with  principles  have  placed 
those  who  direct  mechanical  labour  in  a  better  position  as  to  knowledge  of  their  art, 
the  division  of  labour  and  the  extensive  use  of  mechanical  contrivances  in  the  place  of 
manual  labour  have  certainly  lowered  the  position  of  the  workmen  as  to  general  know- 
ledge of  their  trade.    Formerly,  the  millwright  knew  all  about  the  machinery  he  made, 
and  could  turn  his  hand  to  all  the  operations  required  in  its  construction ;  now,  there 
are  mechanics  who  can  only  turn,  others  who  can  only  file,  and  only  very  few  who  to  skill 
of  hand  unite  a  knowledge  of  the  machinery  of  which  they  execute  portions.    'We  .are 
convinced  that  this  state  of  things  is  injurious  both  to  workman  and  to  master ;  for  a 
man  can  never  labour  with  hearty  good- will  at  work  which  he  does  not  understand, 
and  in  which  he  therefore  takes  no  intelligent  interest ;  he  can  only  act  as  the  machine 
at  which  he  works,  and  he  is  thus  morally  and  intellectually  degraded.    We  would 
have  every  workman  understand  the  character  and  tendency  of  his  operations,  and  take 
an  interest  in  them.    He  would  thus  be  relieved  from  much  of  that  monotonous  drudgery 
which  his  ignorance  forces  him  to  undergo ;  he  would  be  prepared  for  emergencies ;  he 
would  see  modes  of  economising  labour,  and  of  improving  the  work  on  whidi  he  might 
be  engaged ;  and  he  would  be  provided  with  a  source  of  rational  amusement  in  his 
leisure  hours. 
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But  not  to  the  meehanical  irorkman  alone  do  we  think  that  a  general  knowledge  of 
{practical  zxLechanics  should  be  supplied ;  we  think  that  it  should  form  part  of  the  edu- 
cation of  every  one,  whatever  be  his  position  and  his  prospects.  We  have  seen  of  late  . 
deplorable  instances  of  want  of  contriyanoe  in  military  af&drs,  and  of  sacriflces  of  blood 
and  treasure  in  consequence.  We  are  eminently  a  commercial,  manufacturing,  agri- 
cultural,  and  colonizing  nation  $  our  commerce  is  conducted  by  means  of  railways, 
steam  and  sailing  yessels,  and  requires  warehouses,  docks,  and  quays ;  our  manufactures 
are  all  the  product  of  mechanical  contrivances ;  our  agriculture  is  now  rising  to  its 
just  position  as  a  mechanical  and  chemical  art ;  and  our  colonies  have  been  successful 
from  the  energy  displayed  by  our  emigrants  in  giving  scope  to  their  natural  genius  for 
mechanical  adaptation  of  means  to  an  end.  Of  late  we  have  assumed  the  position  of  a 
warlike  nation,  and  we  have  sadly  asked  ourselves  why  there  has  not  been  employed  in 
war  any  of  that  mechanical  skill  and  ingenuity  which  characterise  our  peaceful  arts. 

Notwithstanding  all  this,  practical  mechanics  have  pever  yet  been  cultivated  as  a 
branch  of  general  education ;  and  consequently  every  man,  whatever  be  the  w^dk  of 
Hfe  in  which  he  chooses  to  tread,  has  to  begin  his  real  education  after  he  leaves  school. 
We  think  this  evil  should  be  remedied, — ^that  every  man  should  have  instilled  into  his 
mind  in  his  early  years  a  thorough  knowledge  of  common  things,  so  that  when  he 
adTonces  in  life  he  may  enter  more  readily  on  any  of  the  professions  or  trades  practised 
at  home,  and  be  the  better  prepared  for  the  emergencies  of  commerce,  colonization,  or 
warlike  expeditions  abroad.    Among  the  population  of  the  land  there  lies  dormant  a  vast 
amount  of  talent  and  ingenuity,  which  at  present  is  so  much  loss  of  capital  to  our 
country  and  to  the  world.    Let  some  opening  be  made  for  its  cultivation,  and  we  doubt 
not  that  a  few  years  would  bring  about  a  more  astonishing  development  of  our  resources, 
extension  of  our  commerce,  and  improvement  in  our  arts,  than  all  the  marvellous  advance 
of  the  last  thirty  years.    While  we  fully  admit  the  high  importance  of  other  branches 
of  mental  and  moral  training,  we  would  also  strongly  urge  the  advantages  of  insight 
into  the  mechanical  arts,  because  through  their  extended  cultivation  we  expect  to  secure  a 
great  increase  of  our  material  prosperity  and  comforts,  a  great  diminution  of  labour,  im- 
provement of  health  and  strength,  and  much  diffusion  of  intelligence  among  all  classes. 


MECHANICAL  DRAWING. 

Kncrvrledge  of  Drawing  Essential.— In  the  actual  practice  of  mechanical 
art,  drawings  are  invaluable ;  they  show  the  true  forms,  dimensions,  and  arrangements 
of  machinery  to  those  accustomed  to  their  use  with  greater  deamess  than  a  model,  or  even 
the  fall-sized  work  itself.  The  draughtsman  devises  the  arrangement  of  his  machinery ; 
sketches  it  on  paper ;  calculates  the  strength  and  proportion  of  the  parts ;  draws  them 
out  full-size  or  to  some  suitable  scale;  studies  their  combinations  on  paper;  improves  this 
part,  strengthens  that  part ;  modifies  the  forms  so  as  to  save  complication,  material,  or 
cost  of  workmanship ;  traces  the  action  of  the  whole ;  provides  safeguards  against  acci-> 
dent  or  undue  wear  and  strain ;  and  having  at  length  fully  embodied  his  ideas  on  his 
plans,  sections,  or  elevations,  places  them  before  the  workman  for  execution.  The 
workman  has,  in  general,  no  need  to  study  any  of  those  details  which  £Edl  within  the 
province  of  the  draughtsman ;  he  has  only  to  put  his  rule  to  the  drawing,  and  measuring 
every  dimension  there  indicated,  shape  the  material  with  which  he  deals  in  exact 
accordance  with  it.    Without  drawings  it  would  be  impossible  to  make  any  advance  in 
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mfcVft^rtft}  ail  The  paper^  pflneil,  ink,  ftad  oolouny  are  cheap  matoEialfl;  taoA  tb« timo 
as/i  kboTU  Dceupied  in  ■utking  a  drawing  axe  as  sothing  oopipared  -with;  the  -^oik  in 
fflffH^*^^"g  lie  solid  matenaL  To  scheme  on  paper  is,  theie&xre,  xxhosi  adrazitageoiM  in 
eveiy  poiaii  of  -viffw,  as  by  that  process  only  can  be  Becvixed  that  economy  of  mateiial 
and  laboixE,  hazmony  of  action  and  justness  of  propoirtion,  which  constitate  the  beauty  of 
a  mechanical  device.  To  scheme  in  the  solid  materials  is  a  most  expensive  as  veil  aa 
unsatis&ctoiry  process,  and  one  that  seldom  leads  to  suecesafiil  results.  'We  know  of 
no  circumstance  that  can  wanant  ilis  adoption,  except  in  cases  whece  thene  la  nO' 
practical  experience  to  gpuide  the  mechanic  ae  to  the  power  required,  or  the  mode  of 
operation  suited  to  the  work  he  haa  in  hand.  Jlyen  in  such  eases  it  is  gpenerally  possiMe, 
by  the  exercise  of  a  little  judgment  and  ingenuity,  to  arrange  some  waxph  and  inexpen' 
sire  experiment  whieh  may  gire  to  a  practical  man  a  tolerable  notion  of  the  kind  and 
scale  of  machinery  that  will  be  requiired. 

A  system  of  mechanical  notation  was  proposed  some  yean(  ago  by  the  ingenious  3^. 
Babbage.  In  deyising  his  calculating  machinery,  which  consisted  of  a  great  number  ot 
parts,  many  of  tliem  mecely  repetitions,  he  found  it  difficult  to  imagine  all  their  simul- 
taneous movements  without  an  exeessiTe  and  painful  exercise  of  that  mental  powetr 
which  has  to  deal  with  such  matters.  He  therefore  attempted,  and  with  ccmsidecaUa 
success,  to  trace  by  written  symbols  the  flow  of  motion  through  a  train  of  machinery. 
We  are  not  aware  that  his  system  of  notation  has  been  adopted  by  practical  men. 
Indeed,  most  of  the  complex  machinery  with  which  the  migineer  has  to  deal  is  of  a  kind 
similar  in  many  respects  to  works  pa»viously  executed,  embodjdng  improvements  that 
may  have  been  inmt  ixme  to  time  e&oted  in  them.;  his  mind  is,  therefore,  in  a  maniMir 
prepared  ior  the  conceptian  of  the  various  motions  9Ski  connections  by  his  practice  in, 
watching  those  in  machines  in  action,  and  he  has  comparativdy  litUe  diffifsilty  in  folly 
imagimng  the  intended  action  of  the  work  on.  which  he  maybe  engaged.  It  will,  therefarey 
be  our  first  duty  to  o&r  m  few  practical  suggestions  on  drawing  as  applied  to  machines* 

Plane  Smiiiaocair— When  we  have  to  draw  a  triangle,  squaze,  circle,  or  any  other 
superficial  figure,  upon  paper,  we  find  no  difficulty  in  giving  a  full  and  accurate  deUike- 
ation  of  it  in  respect  of  form  and-  dimensions.  The  paper  on  which  we  draw  is  itacdf  a 
plane  surface ;  and  so  long  as  we  are  not  limited  in  length  and  breadth,  we  can  delineate 
any  form  whatever  upon  it.  In  the  same  manner  we  can  describe  any  of  the  flat  faces  o£ 
any  object  presented  to  us,  such  as  a  circle,  or  pyramid,  or  prism ;  and  give  an  accurate 
representation  of  any  two  of  its  dimensions,  whether  we  caU  these  by  the  names  of 
length  and  bieadth,  or  height  and  width.  But  when  we  have  to  ddineate  a  solid  body 
which  has  three  dimezksions,  length,  breadth,  and  thickness,  we  mast  either  cut  oklc 
paper  to  pieces,  shape  it  ao  as  to  correspond  with  the  different  faces  of  the  body,  and  pui; 
them  together  in  similar  order,  so  as  to  form  a  model  of  it ;  or  we  must  have  reeoufve  to 
acme  device  that  shall  enable  us  to  compiehesd  for  ourselves,  and  to  communicate  tx> 
ofihers,  an  accurate  notion  of  i£he  solid  body  we  propose  to  delineate  on  a  flat  surface. 
When  the  painter  draws  a  portrait,  or  execntes  a  landscape,  he  has  to  imagine  th&t 
between  his  eye  and  the  object  whieh  he  draws  there  is  intraposed  a  siurfeice  or  sheet  of 
some  kind  on  which  he  sees  the  object  drawn  as  in  his  picture.  He  delineates  it  cku 
the  canvas,  therefore,  exactly  as  it  would  appear  upon  this  interposed  screen.  In  a 
eamera-obscuxa  the  rays  of  light  proceeding  £rom  every  point  of  objects  presented  to  lt» 
are  concentrated  or  gathered  together  by  a  l&is  into  a  particular  place  or  focus  behind  it. 
A  piece  of  frosted  glass  placed  in  this  focus  oS&cb  a  surface  for  these  rays  to  illumiDate, 
with  their  respective  lights,  shades,  and  c<douia ;  aad  an  observer  looking  on  the  frosted 
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ghfifl,  sees  a  petfectnuBiatiiro  picture  of  ^  objects.  A  fiUte  of  prepozed  metal  or  glaat 
placed  in  tike  £mibs^  reoeivee  exactly  1^  same  picture ;  and  certain  substances  spread  over 
its  surface,  rendeved  sensitlYe  to  diemical  properties  of  rays  of  light  wbioh  the  eye 
cannot  appreciate,  undergo  changes  in  their  ooostitution^  vrhkk  can  be  rendered  penna- 
nendy  -visible. 

Baswing  Cvhecw — ^Hotiires  are  thus  produced  by  hand  and  by  photography, 
wbich  present  iq>on  flat  sur&ces  delineations  of  solid  bodies  as  they  appear  to  l^e  eye. 
Bat  if  w&  were  to  a^ly  a  eoaipais  or  a  rule  to  the  measurement  of  the  bodies  repre- 
Bsnted  in  these  pictures,  and  also  measure  the  objects  themselyes,  we  should  find  the 
angleaiy  dimensions,  askd  pr(qK>rtiOBa  of  the  picture  totally  different  from  those  of  the  real 
bodies.  T^vm  a  cube,  sivh  ss  a  die,  which  has  six  equal  square  faces,  marked  by  dots 
as  in  Fi^  3,  when 


represented  on  a  pie* 
ture,  mi^^  present 
such  an  appearance 
as  in  Fig.  4,  where 


•    *•  \   II   X   :: 


Fig.  S. 


Kg.  4. 


only  three  sidea  are  Tisible^  none  of  them  squares,  and  no  two  alike :  not  a  single  angle 
or  dimension  equal  to  Uiose  in  the  die  itsel£  And  yet  the  picture 
may  be  a  perfectly  true  delineation  of  the  die  as  it  appears  to  the  eye 
of  an  obserrer.  Now,  if  a  workman  were  furnished  with  such  a 
picture,  and  required  to  make  a  die  according  to  it,  he  could  hare  no 
conception  of  its  form  and  dimensions.  For  instance,  he  might  cut  a 
piece  of  plate  to  the  shape  of  an  irregular  six-sided  figure,  with  three 
lines  engrared  on  it  meeting  at  a  point  near  its  middle,  and  certain  dots  marked  at  the 
distances  indicated  on  the  picture.  He  would  then  haye  made  a  solid  body  wiiich 
Tiewed  in  one  direction  would  oertainly  present  the  appearance  of  the 
picture.  Even  if  the  picture  were  shaded  and  marked  by  dotted  lines, 
indicating  the  invisible  edges  of  the  die,  as  in  Fig.  5,  he  could  not,  with- 
out fixrther  information  as  to  its  meaning,  construct  a  solid  body  such  as 
would  answer  to  iL  He  would  have  to  be  told  that  it  was  a  solid  hayix^ 
six  equal  fiat  sides^  which,  viewed  in  a  certain  direction,  and  at  a  certain  Fig.  5. 
distance  from  the  eye,  under  lig^t  falling  upon  it  at  a  certain  angle,  presented  the 
appearance  of  the  picture.  He  would  then  either  model  all  conceiyable  kinds  of  six 
equal-sided  bodies,  and  try  each  in  the  giyen  aspect,  or  he  would  work  out  geometrically 
some  other  properties  of  tiie  body,  such  as  might  enable  him  to  construct  it.  If^  on  the 
other  hand,  instead  of  haying  such  a  perspectiye  picture  presented  to  him,  he  had  a 
drawing  like  Fig.  3  placed  before  him,  and  were  told  to  make  a  piece  of  ivory  of  such  a 
shape  that  each  of  its  six  sides  should  be  exactiy  of  the  form  drawn,  and  either  of  its 
dimensions,  or  some  given  multiple  or  fraction  of  these  dimensions — 
as  for  instance,  for  every  inch  on  the  drawing,  three  inches  in  the  die 
itself — he  would  at  once  com- 
prehend and  execute  the  work 
required  of  him. 

Dvawing  Cylinden. — ^In  I 
like   manner,  if  a    cylinder  or 
roller  were  pictured  as  it  appears 
to  the  eye,  with  its  light  and  ^'  ''• 


Fig.  6. 


shadow  as  in  Fig.  6,  the  workman  might  guess  at  its  form,  but  could  ascertai9  nothing 
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as  to  its  dimensions.  But  if  he  were  told  to  make  a  thing  of  which  the  drawing  is, 
when  delineated,  one-quarter  of  its  full  size  (Fig.  7),  he  could  at  once  form  his  material 
to  its  proper  diameter  and  length,  by  measuring  the  drawing,  and  allowing  an  inch  in 
his  work  for  every  quarter  of  an  inch  on  the  drawing. 

The  object  of  mechanical  drawing  is,  therefore,  not  to  present  a  delineation  of  any 

object  as  it  appears  to  the  eye,  but 
A, _ .B  to  furnish  the  exact  figures  and  di- 
mensions of  its  parts  in  such  an  in- 
telligible manner,  that  solid  materials 
may  be  fashioned  into  shapes,  whose 
parts  shall  have  similar  forms  and 
proportions.  The  principle  on  which 
mechanical  drawing  is  founded,  is 
that  of  projection  on  plane  suifaees, 
which  we  shall  now  endeavour  to 
explain. 

Suppose  a  sheet  of  paper  were 
cut  to  the  form  A  B  D  E  C  H 
(Fig.  8),  and  folded  across  where 
marked  by  the  dotted  lines  H  G  and 
H  F,  the  two  parts  A  B  G  H  and 
C  H  F  E  being  turned  up  so  as  to 
stand  at  right  angles  or  square  to 
H  G  D  F,  and  to  one  another  as  in 
Fig.  9,  forming,  as  it  were,  three  sides  of  a  square  box ;  then  each  of  these  three  portions 
of  the  paper  becomes  what  is  called  a  "  plane  of  projection  "  for  receiving  the  repre- 
sentation of  one  of  the  sides  of  a  solid  body  placed  somewhere  within  the  imaginary  box 
of  which  they  form  the  sides.  Let  us  suppose,  for  instance,  that  a  die  were  suspended 
within  the  box  (Fig.  10),  and  that  from  every  point  in  each  of  the  surfaces  of  the  die 
exposed  to  the  three  sides  of  the  box,  lines  were  supposed  to  be  drawn  perpendicular 
or  square  to  those  sides  as  indicated  by  the  dotted  lines ; — ^then  the  lines  joining  the 
intersections  of  the  dotted  lines  with  the  upright  and  horizontal  surfaces  would  enclose 


Fig.  9. 


Fig  10. 


figures  accurately  representing  in  form  and  dimensions  the  sides  of  the  die  presented 
to  them.  The  paper  being  then  unfolded,  would  contain  a  mechanical  drawing  of  the 
die  (Fig.  11),  exhibiting  accurately  the  forms  and  dimensions  of  three  of  its  sides. 
In  order  to  get  a  drawing  of  the  other  three  sides,  the  sides  of  the  imaginary  box 
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miglit  have  similar  fig^ures  projected  or  thrown  upon  them.  It  is  eTident  that  whatever 
be  the  situation  of  the  die  as  to  distance  from  either  of  the  three  planes  of  projection, 
there  will  be  mo  difference  in  the  drawing ',  the  form  delineated  will  be  the  same,-  though 
it  may  appear  on  a  different  part  of  the  paper. 

JXtuaoktm  of  Projeetions. — The  names  usually  given  to  the  three  drawings  of  an 
object  are  these : — The  projection  on  the  horizontal  plane  or  bottom  of  the  box,  is 
called  the  plan  ;  and  the  Ejections  on 
the  vertical  planes  or  upright  sides,  are 
called  eUvaiiona.  One  of  the  elevations 
may  be  called  the  side  elevation,  or  side 
view ;  and  the  other  the  end  elevation, 
or  end  view ;  while  the  plan,  when  pro- 
jected upwards  or  on  the  top  of  the  box, 
is  sometimes  called  the  bird's-eye  view, 
having  nearly  the  form  which  an  object 
would  present  to  the  eye  of  a  bird 
soaring  al>ove  it.  For  drawing  the  ex- 
teriors of  all  solid  bodies,  bounded  by 
straight  lines  and  flat  surfaces,  these 
projections  are  generally  sufficient.  But 
it  is  often  necessary  to  make  such  draw- 
ing as  shall  give  a  correct  notion  of  the 
interior  construction  of  bodies. 

Suppose,  for  instance,  we  wished  to 
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Fig.  11. 

have  a  cubical  box  constructed  of  wood,  having  a  certain  thickness,  and  fitted  with  a 
vertical  partition  of  a  certain  hedght,  and  at  a  certain  distance  firom  the  ends.  In 
order  to  indicate  this  by  a  drawing,  we  must  show  its  internal  construction.  To 
effect  this,  we  may  still  use  the  three  planes  of  projection ;  but  as  these  planes  are 
imaginary  surfaces,  we  may  easily  conceive  some  of  them  to  pass  directly  thx)ugh  the 
substance  of  the  box :  in  other  words, 
we  must  conceive  the  box  to  be  sawn  or 
cut  across  in  any  direction,  and  the  form 


Hg.  12. 

presented  by  the  parts  so  cut  projected 
on  the  planes  (Fig.  12).  Thus,  if  a  hori- 
zontal and  a  vertical  cut  were  made  as 
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Fig.  18. 


indicated  by  the  dotted  lines,  we  should  have  a  plan  and  a  side  elevation  of  the  cu 
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surface,  in  wliich  the  Sickness  of  fhe  wood,  «nd  tlie  position  and  height  of  tike  par- 
tition, would  be  der  y  iSiown.  These  Tiews  would  be  caQed  sections,  or  I3ie  drawings 
of  cuttings.  The  horizontal  projection  would  be  a  sectional  plan,  and  one  of  the  yer" 
tical  projections  would  be  a  longitudinal  or  tnnwverse  section,  while  the  oKher  would 
still  remain  as  an  end  or  <ide  eleyation.  The  dotted  lines  A  A  and  B  B  on  lihe  end 
eleyation  and  section  correspond  wilii  the  horizontal  plane  of  section ;  and  tlie  lines  B  B 
and  C  C  on  the  end  eleyation  and  plan  correspond  with  the  yertical  plane  of  section. 
In  a  drawing,  then,  of  a  box,  such  as  in  Fig.  18,  which  would  be  aeen  on  unfolding  the 
paper  of  projection,  enough  of  the  form,  thickness,  position,  and  height  ef  the  psrtition 
would  be  represented  to  enable  a  workman  to  constmct  tiie  box. 

Now,  if  the  part  of  .the  paper  containing  the  end  eleyation  w^wcat  away  from  the  rest, 

and  tamed  round  so  as  to  bring  the  let- 
ters on  it  into  a  more  conyenient  position 
for  reading  them,  as  in  Fig.  14,  Ihe  accu* 
rac^"  of  the  drawing  would  in  no  respect 
be  altered,  prorided  sdways  that  it  were 
dearly  understood  What  eleyations,  plana, 
•r  sections,  die  different  parts  of  the 
drawing  are  intended  to  represent.  There 
s  another  mode  oi  considering  this  quea- 
ti(m.  The  rays  of  light  by  which  tiie  eye 
is  enabled  to  perceiye  the  foims  of  aa 
object,  proceed  from  eyery  point  of  the 
object  in  straight  lines  to  the  eye.  Sup- 
pose, tiien,  one  face  of  a  die  wen  pre- 
sented directly  to  the  eye,  as  in  Fig.  16, 
the  rays  of  reflected  Ught,  proeeeding 
Fig.  14.  from  eyery  point  in  the  sur&oe  of  the 

die  to  the  eye,  would  all  oonyevge  or  draw  together  towards  the  small  opeifang  which 
the  pupil  presents ;  and  entering  there,  would  produce  the  image  which  enables  the 
spectator  to  see  the  object.  This  would  be  the 
case  howeyer  far  off,  or  howeyer  near,  the  eye 
wwe  to  the  4ie;  but  the  greater  the  distance, 
the  less  the  conyergence  of  the  rays,  or  the 
more  nearly  are  they  parallel  to  each  other,  as 
may  be  clearly  seen  by  the  diagram  Fig.  16, 
where  an  arrow  is  supposed  to  be  the  object,  and  the  rays  of  light  proceeding  from,  its 
extremities  are  indicated  by  the  dotted  lines  to  an  eye  at  the  yarious  positions,  «,  b^ 
^^^-_.__  andtf.    While  those 

^    ^^  ""^-Z.""^ to  the  eye  at  a  con- 

yerge  yery  rapidly, 
)  b  still  con- 
but      more 
____  slowly,  and  those  to 

W*"  c  more  dowly  stllL 

^-  **•  Bat  if  we  xsotUd  con- 

ceiye  the  eye  remoyed  to  an  incalculably  great  distance  frmn  "tiie  object,  and  snppoBe 
that  its  powers  of  yision  were  still  suffident  to  receiye  it,  the  eonyergence  of  the  rays 


Fig.  16. 


^"*>-^   """"--^  ^^r~ — ^-i. — ^  yerge  ye: 

— ;:^^ir^-j;:--r>^P^-™r^3-----^^ those  to  - 

^^^  ^^-"'^'^^^'^'"''^''^^  verge,     1 
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wmU  be  immeanirably  tlov :  ar,  in  otlur  wosdi^  tiit  mya  woaU  be  §•  nmdj  peraUel 

tint  ire  could  mot  appiwouite  aay  oonveigenee  at  alL    ^******^g^  tkaa,  thie  oonoeptiin 

1^  uknote  diatoncei  *«•  nay  lay  witkout  enor  that  th«  myn  un  qutt  panUIoL    W* 

iuiTa  in  miters  actoel  oaeet  ef  thia 

kiiiid ;  far  tiie  fixed  9tan  an  lo  Teiy 

distut  tibaft  no  difiaranoa  eaa  be 

taeed  in  tiie  directioii  of  imya  «f 

light  coming  from  them  to  the  aazth 

tt  dtfbrmt  parti  of  her  orbtt,  al- 

tihoagh  the  diatanoe  aoroeA  that  otiit 

is  neady  two  hundred  milliona  of 

Biilst. 

Bbw,  w  have  ahready  deaoribed 

tiiit  the  diiferaiit  pmjeetioBs  of  an  oh- 

jectare  Ibnnad  by  aoypoaiag  parallel 

liBM  to  be  dnaim  from  tha  diffemt 

fointi  of  it  to  eertain  plaaen ;  and  if 

▼e  sappoee  these  parallel  lines  were 

ufs  oi  liglrty  anch  aa  we  ha^e  da- 

asibed,  proceeding  to  an  Bnmeaaar- 

1U7  distant  eye,  we  attain  a  mode  Fig.  17. 

of  nadentaadiBg  what  these  projections  mean,    iuooording  to  this  notion,  the  plan  or 

horizontal  projectkm  is  the  view  which  an  object  would  present  when  we  look  directly 

down  on  it,  or  directly 
np  to  it,  fixnn  a  great 
distanoe;  the  side  and 
end  elevations  are  the 
direot  views  of  the 
side  and  end  respec- 
tively ;  and  sections 
are  the  direct  views  of 
the  object  when  cut  or 
sUced  across  in  any  di- 
rection. Bearing  this 
in  mind,  we  may  then 
he  prepared  to  make 
mechanical  drawings 
of  most  objects  with 
frcility. 

Suppose,  for  ex- 
ample, we  had  to'  draw 
an  object  such  aa  ' 
mathematicians  would 
call  a  hexagonal  priam 
—that  is  to  say,  a 
solid  figure  having  six 
equal  oblong  sides  and 


Tig.  18. 


two  six-sided  ^ds.   Suppoaingit  to  stand  on  one  of  tiiese  ends,  and  that  we  looked  directly 


244 


SECTIONAL  FLAX  AND  EUfiVATION. 


down  upon  it,  we  should  see  its  plan,  which  is  a  hexagon  (A,  Fig.  17).  Again,  looking 
directly  on  the  angle  formed  by  the  two  sides  a  and  ^,  we  should  see  the  elevation  C, 
showing  the  two  retreating  sides  a  and  b ;  and  looking  direct  on  the  side  0,  we  should 
see  the  elevation  B,  showing  the  full  front  view  of  c,  and  views  also  of  the  two  retreating 
sides  b  and  d.  The  dotted  lines  represent  portions  of  the  supposed  parallel  rays  of  light 
proceeding  from  the  angles  of  the  object,  and  prolonged  to  form  lines,  projections,  or 
drawings  of  the  two  views,  the  position  of  the  top  and  bottom  lines  of  these  projections 
being  determined  by  the  height  of  the  prism  which  we  suppose  to  be  given. 

Let  us  now  suppose  that  the  same  prism  is  to  be  made  with  a  circular  hole  passing 
through  its  centre  from  end  to  end,  we  may  show  the  same  views  as  before,  and  in 
addition  to  them  two  sections,  as  in  Fig.  18. 

The  lines  A  A  and  B  B,  through  which  the  sections  or  cuttings  are  supposed  to  be 
made,  are  marked  on  the  plan,  and  the  sections  are  formed  exactly  like  the  elevations 
by  tracing  the  different  points  of  the  object  where  the  section  lines  cut  it,  as  indicated  by 
the  dotted  lines.  We  have  hatched  or  drawn  diagonal  lines  across  the  solid  parts 
which  are  supposed  to  have  been  cut  asunder,  in  order  to  distinguish  them  by  a  sort  of 
shading  from  the  open  circular  part  where  no  solid  material  is  supposed  to  have  been  cat 
through. 

"We  will  now  take  a  somewhat  more  complicated  drawing  as  an  iUustration— for 
instance,  of  a  toothed  wheel,  in  front  elevation  (Fig.  19),  sectional  plan  on  the  line 

A  A,  and  elevation  as  seen 
edgeways,  which  we  shall  call 
side  elevation. 

In  this  case,  as  in  the  for- 
mer, the  dotted  lines  are 
drawn  parallel  to  each  other 
from  the  different  visible 
points  or  edges,  and  furnish 
us  with  the  positions  of  these 
in  the  side  elevatipn  and  plan; 
the  width  of  the  teeth  and 
thickness  of  the  material 
being  supposed  to  be  known 
independently. 

Projection  of  Cuzret. 
— By  the  same  method,  draw- 
ings of  curved  lines  may  be 
made,  some  consideration 
being  given  in  each  case  of 
^'  ^®-  the  mode  most  suitable.    Let 

us  take  for  an  example  a  drawing  of  a  screw.  In  the  first  place,  we  must  understand 
what  a  screw  is.  Suppose  a  cylinder  or  roller  were  revolving  round  its  axis,  and  that 
while  it  was  so  revolving  a  pencil  or  sharp  point  were  held  against  it.  If  the  point 
were  at  rest  while  the  roller  revolved,  a  simple  circle  would  be  described  on  the  surface 
of  the  latter.  But  suppose  that  while  the  roller  revolved  the  point  were  made  to 
traverse  lengthways  along  it,  then  a  screw-line  would  be  drawn  on  the  surface  (Fig.  20). 
The  pencil  having  begun  to  mark  the  roller  at  a,  and  having  advanced  to  b,  while 
the  roller  has  made  one  complete  turn,  the  screw  line  aeb  would  be  marked  on  its 
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surface.    As  we  could  not  see  both  sides  of  the  roller  at  once,  wu  can  only  draw  tho 

part  «  c  of  the  screw  as  visible,  the  other  part  c  h  being  marked  by  a  dotted  line  to  show- 
that  it  exists,  and  would  be  seen  were  the  roller  transparent     The  whole  line  a  o  * 

would  be  called  a  thread  or  complete 

turn  of  the  screw ;  and  the  distance  a  b 

would  be  called  the  pitch,  or  distance 

between  two  adjacent  threads.      It  is 

clear  that  were  the  roller  to  continue  to 

turn  and  the  pencil  to  advance,  the 

thread  would  continue  to  be  marked  as 

hi  as  the  surface  of  the  roller  might 

extend.     The    screw   niarked   in   the 

figure  would    be    technically  called  a 

"  drunken  thread,"  or  be  said  to  be  of 

irregular  pitch,  as  there  was  no  relation 

between  the  velocity-with  which  the  roller  revolved  and  the  pencil  advanced  lespeo- 

tively. 

But  if  while  the  roller  revolved  uniformly  or  with  regular  and  equal  velocity,  the 

pencil  also  advanced  uniformly,  a  thread  would  be  traced  perfectly  regular  and  equal  in 

all  itA  partSf  or 
a  tmo  Berew» 
Ruch  us  is  used 
in  DJOcliaQica, 
would  he  form- 
ed- We  will 
now  draw  auch 
a  flcrew.  Let 
A  (Fig.  31)  be 
the  end-view 
OFBOetioaofthB 


Pig.  21. 


roller,  which  is  merely  a  circle,  and  let  B  be  a  side  elevation ;  a  being  the  portion  of  the 
pencil  when  it  began  to  mark  the  thread,  b  its  position  after  one  complete  turn,  and  t  its 
position  after  two  turns ;  it  is  our  object  to  find  the  shape  of  thfe  line,  or  at  least  its  drawing 
or  projection  on  the  elevatiion  B,  connecting  the  points  a  and  bj  and  b  and  f,  rcspoctively. 
Now  recollecting  that  a  regular  screw  implies  that  while  the  roller  makea  any  part  of  a 
turn,  the  pencil  must  make  an  advance  through  the  same  part  of  its  pitch,  we  will  divide 
the  circumference  of  A  into  four  equal  parts  by  the  points  dye^f^g^  and  alao  the  two 
pitches  a  b  and  b  e  into  four  equal  parts,  marked  by  the  points  A,  ^,  l^  mj  rt,  p.  Then  we 
know  that  while  the  roUer  has  turned  one  quarter  round,  so  as  to  bring  the  part  of  ita 
surface  « to  the  pencil,  the  pencil  itself  has  moved  one  quarter  of  ita  pitch  along^  go  oa 
to  be  at  iJie  point  h.  If  then  we  trace  a  line  of  projection  from  e  along  the  elevation, 
and  a  line  square  to  it  from  A,  the  point  e^  where  these  lines  cross  mast  ba  a  point  in 
the  projection  of  the  thread.  In  the  same  manner,  tracing  lines  frt>m/  and  g  and  from 
h  and  /  crossing  them,  we  get  other  points, /i  and  g^},  in  iJie  thread ;  and  repeating  the 
process  for  the  next  thread,  we  get  the  points  e^y  f^  and  g^  similarly  situated  in  it.  But 
though  we  might  between  the  points  d^^  tfi,/i,  &c.,  draw  any  sort  of  lines  straight  or 
crooked,  we  should  not  be  warranted  in  assuming  them  to  be  the  propter  representations 
of  the  screw.    We  can,  however,  again  subdivide  the  circumference  of  A  and  the  pitdi 
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on  B,  ftnd  ttiTis  get  ft  nmnter  af  Gther  points,  m  indioated  in  part  <m  Fig.  22,  which 
muBi  b£  in  t]M  projcctioii  of  half  tbe  screw.     A  cnrred  Hne  traced  throna^b  tlieae  points 

vill  then  be  ft  cjorriDct  Ttjprcsenta- 
tton  of  hdf  Old  tlu-«&d ;  ^d  as 
the  thread  is  perfectly  regTilaT^ 
the  aame  form  of  ctirre  will  be 
repf^ted  at  the  cqnal  intervals  of 
pitch,  from  di  to  /j,  and  dz^o  f^. 
Th©  intermediate  part*  of  the 
thread  from  f^  to  rf^T  *^^  ^ni  /a 
to  <^,  heing  traced  on  the  dd^  of  the  roller  where  ^  ia,  cannot  he  risible  at  the  Mime 
time  as  the  other  portions  j  bnt  if  they  oonld  be  seen^  as  in  the  eaae  of  ct  transparent 
roller,  they 
would  be  sym- 
metrical with 
the  Yieible 
parts,  hut  in- 
verted, as  in- 
dicated by  the 
dotted  lines  in 
Fig.  23.  ^«-  ^■ 

Neit  let  na  auppese  that  two  penciln  were  hold  against  the  roller  a  little  diatanco 

.^(^^^ ^^      fg^ apartj   eo   ai^   tx>   trace    two 

screw-threads  parallel  "with 
each  other ;  the  side  elevation 
_^  of  this,  as  in  Fig.  24,  preseuta 
merely  a  repetition  of  the  pro- 
per curved  linCB  at  the  proper 
distance  apart — that  is  to  saj, 
if  any  number  of  straight 
lines  were  drawn  parcel  to 
the  axis  or  sides  of  the  roller,  th^  portit>ns  of  those  straight  lines  intercepted  by  the 
lka*ew-curTCS,  yvs.  a  bj  a^  b^,  a^  b^,  fecj  also  (f  ef,  ^i  d^  ^i  d^y  &c.,  &e.^  would  be  all 
ei^ual  to  one  another.  The  ordinary  practical  mode  of  making  such  a  drawing  would 
be  to  set  out  the  points  of  one  portion  of  the  ourye,  such  as  «  a^,  by  the  method  indi- 
cated on  Fig.  £2,  to  shapo  a  piece  of  card-hoard  or  thin  wood  to  fit  it^  and  then  ronrking 
out  the  proper  distances  a  ^,  a^  &iy  o^  d^,  b  e,  b^  ^j,  b^  c^,  e  d,  c^  d^,  %<^i  ^<r  ^^^  applying 
the  shaped  card  to  those  points  successively,  trace  by  a  pen  or  pencil  aa  many  repeti- 
tions of  the  curve  as  might  be  required.  By  a  similar  process,  inverting  the  card,  the 
elevation  of  the  curve  as  it  would  appear  through  the  roller  wor^  it  transparent,  aa  indi- 
cated by  the  dotted  line  m  Fig.  23,  could  be  repeated- 

Recurring  to  Fig.  S4,  let  us  now  suppose  that  all  that  part  of  the  Burface  of  the 
roller  contained  between  the  double  threads  were  cut  down  to  a  certain  depth,  so  as  to 
leave  a  real  solid  acrew-thread  prominent,  sQch  as  would  be  produced  by  winding  a 
square  wire  obliquely  round  a  cylinder.  Our  method  of  drawing  this  would  be  as  fol- 
lows (Fig-  25) ; — The  trans  verso  section  shows  two  circles,  one  theboimdaryof  the  out- 
side of  the  prominent  thread,  and  the  other  the  roller  on  which  it  is  womid,  or  the  hottDm 
of  the  eutting  made  in  the  solid  roller*    L^t  half  of  both  these  circles  be  divided  into 


Fig.  24, 
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any  number  of  equal  puts,  and  let  the  length  a  &,  which  the  thread  traTenet  during  half 
a  tuin,  be  divided  into  the  same  number  of  equal  parts ;  then,  by  drawing  parallels  firom 


tli»  division  points  of  the  two  cirdos  until  they  meet  perpeofdioolars  from  the  division 
points  of  a  b,  we  get  the  half  limbs  of  the  outside  and  inside  curves ;  and  shaping  a  card 
to  each  of  those,  we  can  repeat  them  successively.  A  little  consideialioa  will  show  what 
portions  of  l^ese  lines  would  be  visible  in  a  side-view,  and  what  parts  would  be  con- 
cealed. It  is  usual  to  show  by  fall  lines  only  the  visible  portions,  tbe  invisible  parts 
being  marked,  when  necessary,  by  dotted  lines. 

Other  curves  can  be  treated  in  the  same  way  as-screwMnnves,  iSba  general  principle 
being  the  same  to  all — ^namely,  finding  the  projection  of  a  number  of  points  througli 
which  the  curve  must  paas,  and  tracing  through,  those  points  a  oQutinnous  eurved  line 
as  nearly  as  tilie  eye  ean  judge  or  the  hand  execute.  Tha  gnater  the  number  of  points 
projected,  the  more  neariy  accurate  will  be  1^  drawing  of  tfaa  eurre.  B«t  a  littie 
practice  in  drawing,  and  eareftil  obeervatian,  soon  enable  a  dranghtBTnaa  to  trace  projec- 
tions of  curves  with  saflSoient  accuracy  without  requiring  very  many  points  fbr  theiir 
determination.  The  drawing  of  a  serew-eurve,  such  as  we  have  described,  is  as  difficult 
as  any  of  the  projections  that  ordinarily  occur  in  mechanical  drawing.  We  have,  there- 
fore, dwelt  upon  it  at  some  length,  being  convinced  that  the  student  who  sees  his  way 
clearly  through  this  example,,  will  master  most  others  without  great  difficulty. 

Diawiag  Itafoldied  Suz&cea. — ^Besides  the  method  of  drawing  objects  by  projec- 
tion,  it  is  sometimes  useful  to 
represent  sutCmms  developed  or 
nnliDlded.  This  may  be  clearly 
nndeiftood  by  conceiving  that 
a  pattern  of  soBie  kind — say  a 
series  of  squares,  as  a  in  Fig. 
26,  is  wrapped  or  iblded  round 
the  roller  b.  We  shall  sup- 
pose that  the  piece  of  flat 
paper,  or  f&bric,  containing 
the  pattern,  will  fold  exactly 

leund  the  roller  so  that  the  Fig.  20.. 

edges  meet  The  projection  of  this  pattern,  as  it  would  ^^>eiBr  in  a  side  eleva- 
tion of  the  roller,  may  be  drawn  as  in  Fig.  27.  Observing  that  the  pattern  is  divided 
into  three  parts  in  height  and  five  in  width,  we  draw  an  elevation  and  a  plan  of  the 
>oUev,  as  in  Fig.  27,  dividing  the  elevation  into  three  equal  parts  in  height,  and  dividing 
the  (drcumferenee  of  the  circular  plan  into  five  equal;  parts  by  the  points  a,  b,  e,  d,  e. 
Traeing  up  lines  from  such  of  these  points  as  would  be  visible,  looking  on  one  side  of 
the  roller,  viz.  a  and  ^,  so  as  to  cross  the  horiiontal  lines  on  the  elevation,  we  get  at 
ones  the  etevatLon  of  l^e  pattern  as  it  would  appear  in  proj^taoa  wken  folded  round  the 
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roller.  This  would  really  be  a  process  of  eiiTelopment,  for  we  hare  first  drawn  the 
pattern  on  a  flat  surface  and  then  enveloped  the  roller  in  it.  The  process  of  deydop* 
ment  is  just  the  converse ; 
for  it  consists  in  developing 
or  unfolding  a  Bar&uce  al- 
ready on  thel)ody,  and  then 
spreading  it  out  flat.  Sup- 
pose, for  instance,  .that  we 
had  the  elevation  of  a  roller, 
such  as  Fig.  28,  and  we  de- 
sired to  develop  the  pat- 
tern which  is  represented 
in  prejeotion  on  its  surface. 
"We  drawany  required  num- 

ULf  ber  of  horizontal  lines,  as 
Oy  bj  e,  dy  By  through  the 
marked  points  of  the  pat- 


I. 
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ei  W. 
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Fig.  28. 


Rg.27. 
tern,  «Bd  trace  perpendicular  lines  from  the 
same  points  till  they  meet  the  circimiference  ^  -the  circular  plan  -in  the  points 
/,  ^,  .A,  >t,  /.  We  then  draw  a  straight  line  of  the  length  of  half  the  circumference 
of  Hie  circle,  and  make  it  the  base  of  an  oblong  of  the  same  height  as  the  roller. 
Dividing  the  base  by  the  points  /g  g^  A3,  into  parts  of  the  same  lengths  respectively 
as  the  parts  of  the  half  circumference  separated  by  fjg.'k  in  the  plan,  and  dividing 
l^e  height,  o-i  a^,  by  the  points  ^1  t^  d-^  into  parts  ^corresponding  with  ;the  divisions 
of  the  roller  in  height;  and  through  all  these  points,  ^drawing  parallels  and  perpen- 
diculara  to  the  base;  we  get  the  positions  of  the  different  points  /j  g^  A^,  &c.,  in  the 

elevation,  as  they 
should  be  in  the  de- 
velopment, and  can 
trace  through  these 
points  the  lines  of 
the  pattern.  Should 
the  pattern  be  com- 
plex, or* made  up 
oi  curved  lines,  we 


Pig.  29. 


should  have  to  trace  the  development  of  a  great(^  number  of 
points  in  order  to  get  a  correct  drawing  of  it  as  it  would  appear 
when  unfolded. 

"We  may  here  observe  that  a  conical  ^aurfSstoe  is  developable  as 
well  as  that  of  a  cylinder  or  roller ;  and  the  mechanical  draughts- 
man has  sddom  occasion  to  deal  with  the  develo^Mnent  of  any 
surfaces  except  these. 

The  development  of  a  oonical  surfkce  is  effected  ihus  (Fig. 

29).     Since  all  l^e  straight  lines  drawn  from  a  the  apex  of  the 

cone  to  the  circular  base  are  exactly  equal,  we  have  only  to 

draw  a  circle  from  any  centre  e  wilii  a  radius  e  d  equal  to  a  d  the  leng^  of  any  one 

of  those  lines.    Then  measuring  roimd  the  circular  plan  of  the  base  frx>m  any  p<Hnt  #, 

;ftnd  setting  off  the  same  measurement  from  a  point  ^  to  /  on  the  oirde  we  have 
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described  from  the  centre  e,  and  dniwing  the  itraight  lines  e  d  and  e  /  we  get  th 
deyelopmont  of  the  conical  surface.  A  piece  of  paper  cut  to  the  shape  of  the  circular 
sector  e  df  would  exactly  fold  round  the  cone,  the  edges  c  d  and  e  f  meeting.  To 
develop  any  pattern,  we  should  proceed,  as  in  the  case  of  the  cylindrical  surfiMse,  to  find 
the  deyelopment  of  a  number  of  points.  We  shall  show  the  method  of  proceeding  with 
one  point  marked  y  in  the  elevation.  Through  the  point  g  draw  a  parallel  to  the  base 
g  k,  and  a  line  a  g  from  the  apex*  meeting  the  base  in  /.  Project  /  down  to  /j  on  the 
plan,  and  measuring  roimd  the  circumference  from  « to  /j,  set  off  the  same  measurement 
from  «!  to  l^  on  the  development,  and  draw  the  line  c  /],  which  will  be  the  development 
of  the  line  a  I.  Then  from  the  centre  e  with  a  radius  a  kj  draw  a  portion  of  the  cirde 
cutting  e  Ilia  ^i,  and  gi  will  be  the  development  of  the  pointy,  for  it  ia  in  the  developed 
line  e  Z^,  and  at  the  proper  distance  from  the  apex.  A  similar  process  may  be  adopted 
with  respect  to  any  other  points,  and  thus  a  pattern  of  any  kind  might  be  developed. 

To  develop  the  frustum  of  a  cone — ^that  is,  a  cone  with  a  portion  of  it  towards  the 
apex  cut  o£^  as  in  Fig.  30 — ^we  imagine  the  cone  completed,  as  indicated  by  the  dotted 


Fig.80. 

lines  in  the  elevation,  and  have  only  to  develop  the  complete  cone  and  cut  of  /  the 
wanting  part,  leaving  the  development  of  the  actual  surfiice  of  the  frustum. 

Intem«ctip]Ui. — In  consequence  of  the  facility  with  which  materials  can  be  shaped 
into  cones,  cylinders,  or  any  forms  which  have  circular  sections,  and  for  other  reasons  eon- 
nected  with  strength  and  fitness,  these  forms  are  generally  used  in  practical  mechanics. 
■It  is  therefore  most  important  for  the  draughtsman  to  be  expert  in  the  projections  and 
developments  of  such  forms.  Among  the  numerous  problems  in  drawing  these  forms, 
there  is  an  interesting,  and  often  useful  class  depending  on  the  various  intersections  of 
one  curved  surface  with  another.  We  shall  give  one  example  of  this  to  illustrate  the 
method  that  may  be  very  generally  applied  in  most  of  them.  Let  us  suppose  that  a  pipe 
of  a  certain  diameter  branches  out  from  another  of  a  larger  diameter  at  a  certain  angle, 
as  indicated  on  the  longitudinal  section  in  Fig.  31,  and  that  we  have  to  draw  two  eleva- 
tions and  a  transverse  section  of  this,  so  as  to  show  the  form  of  the  joint,  or  intersection 
of  the  branch  with  the  main-pipe. 

In  the  first  place,  we  should  draw  the  centre  lines  or  axes  of  the  cylindrical  pipes, 
and  then  easily  mark  off  the  general  outlines  and  points  of  intersection  in  the  two 
elevations.  The  points  «,  c^  in  the  transverse  section,  would  be  determined  by 
setting  off  from  fi  on  the  centre  line,  the  inside  radius  of  the  small  pipe,  as  deter- 
mined by  the  line  /  y  in  the  longitudinal  section.  These  points  would  determine  «2 
in  the  longitudinal  section,  by  making  a^  e^  equal  to  a  0  in  the  transverse  section. 
In  a  similar  manner  d,  could  be  found.  There  still  remains  for  us  to  determine  the 
particular  curves  of  the  intersection  lying  between  the  points  so  fixed ;  and  this  we 
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must  do  by  finrimg  o.  mimber  of  other  pointa  in  the  different  projectioiw,  whicL 
■hall  be  the  proper  repr«i|ieatatLODA  of  pointa  in  the  cirf^umfereDCfie  of  the  ^^^^i 
and  epQullw  pipot  whem  they  intcraeGt  each  other.  Let  tia,  fur  infltAnce,  eudeavoui 
to  determine  somt   point   m   the  curfe   of  mtonecttoa  rapreeentad  on  the  £nmt 


I 


—4 J-- 
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eleratioii;  and  aa  this  niust  be  a  pcLat  on  th«  otitaide  of  both  pipeH^  we  shall 
draw  their  outaida  aircumferonGes  from  tho  untraa  B  and  C^  connected  by  jl  lins^ 
Taking  any  point  i  in  iiie  circumfereTice  of  G,  and  tracing  it  en  to  <ii  on  tho  tircum- 
fereaoe  of  B,  and  drawing  the  perpendiculars  d  *  aiid  d^  Si^  we  draw  on  the  aide  eleva- 
tion H  H  parallel  to  the  axis  of  the  small  pipe  at  the  distance  0  e  from  that  axis,  and 
KK  parallel  to  tho  axis  of  tho  large  pipe,  at  the  distance  B  i^.  The  point  d^  whea:^ 
these  lines  H  H  and  K  K  Lnteret^ot,  i&  the  projection  of  a  pomt  in  the  inter&wtion  of  the 
cirelea  on  the  side  eleyation.  Tracing  thi^  aoroaa  by  a  horizontal  lino  to  the  front  eleva- 
tion, cutting  its  centre  line  at  e^  and  setting  off  e^  d^  equal  to  $  i^  we  get  rf^  &b  the  pro- 
jection of  the  same  point  on  tho  front  eleTation,  And  thus,  hy  projecting  a.  number  of 
points,  we  should  bo  enabled  to  trace  throi^gh  them  a  coarect  projeotion  of  tbo  Gimrea  of 
intersection  in  their  different  cuipeotg. 

Hitherto  we  have  only  treated  of  the  mode  of  drawing  outlinoa;  we  may  now  proceed 
to  discuss  theyarious  modes  of  rendering  mechanical  drawings  distinct  and  taoK  aaaXj 
lAtdiligible.  These  may  be  said  to  oonsiBt  chiefly  in  hatching  or  section-liniii^  enur- 
ing, shading*  and  ahfldowing. 

SikteldiiC^ — Hatching  is  merely  drawing  parallel  linoa  a^rosatbe  parte  df  any  aectloiL 
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Thkh  ara  fuppofed  ta  bo  mil  tluongh  ibe  •olid  in«toml.  Fig.  32  U  tlic  mei«  ootlme 
of  tLe  flectian  of  s  koUow  h&^agoiul 
prum;  the  liaea  convey  na  paiticular 
meaningf  uid  they  would  apply  aa  well  to 
the  ead  deTation  of  a  pmm  with  another 
projecting  from  it;  but  if  the  aectioD 
through  thfi  solid  mattor  he  batdu^d,  as  b 
Fif .  3^1  a»  if  to  indicate  the  appeamio« 
of  the  &hrea  of  the  cut  material^  it  ij  uu- 
deretood  that  tho  drawiag  repreftenta  a 

Hatching  is  aUo  useful  in  Bome  cjises  for  distiDguiahing  the  diffor^i&t  piecfv  of  wbich 
the  body  drawn  in  ftetilion  coueiata.  Thie  ie  eibctdd 
by  batcluag  one  of  the  pieG«4  hy  oblique  line*  lying 
in  one  direction,  and  an  *dj«orat  piece  by  liiief 
lying  in  another  direetion.  Thu*,  Fig,  34  mny  ra- 
pre«ent  a  auction  of  a  resael  with  a  ieponte  coror 
fitted  to  it,  jLnd  one  of  the  boltt  and  nut«  uaed  tot 
holding  the  cover  in  it«  plaea.  The  hatehing  liam 
of  Iho  ve«a£rl  and  iti  eov«ir  are  oblique  in  opp(]«ite 
dii«<;tiouj,  ^d  tho«e  of  the  bolt  and  it§  out  we 
Tijrtieal  and  homontal  rwpeetively,  io  that  all  the 
•eparato  pieces  at«  difltingulshed. 
Hatching  in  coIouTS,  or  coloured  linea,  ia  sorootiiaea  uAcful  to  indicate  the  material 
aa  wt]l  as  the  eeparate  piecei.  Thus,  hatching  porta  of  a  aection  by  black  or  blue  linM 
may  indicate  coat  oi  wrought-iron ;  by  yellow  or  rod,  bmaa  or  gnn- 
DietaL  Sections  of  wood  are  generally  hatched  aa  In  Fig.  36,  hy 
curred  lineS}  imitating  iomewbat  the  appeanmc*  of  the  rings  aeen  in 
timber  when  out  acroea.     Two  separate  piecea  of  timber  icBn  in  cioai 

soction,  side  by  aide,  may  be 
hatched  by  these  lines  lying  in 
^  oppoaite  diieotiona  (Fig.  36) ;  while  timber  in 
01  longitudinal  section  may  be  hatehed  by  crooked 
discontinuous  linos,  lying  generally  long^thways. 
Tn  working-drawingS — thst  is  to  say,  projectiotts  showing  the  parts  in  their  proper 
dimeuMons,  so  that  a  workman  can  measure  and  transfer  them  to  the  solid  matorial — 
ia  fuoh  drawingH,  coloum  are  usefully  employed  to  distinguiah  the  different  materials. 
Thufl,  parts  tinted  dark  blue  migbt  repreflent  east-in)Q  \  wliile  a  pale  blue  might  indicate 
VTOugbt-iron  or  steel ;  yellow  would  mark  braBs  or  gun-metal ;  brownish-yellow,  wood ; 
browTuah-rad,  co|jper  [  and  so  on-  When  any  spooial  material  is  to  be  naed^  ita  name 
ia  generally  written  on  siich  part  of  the  drawing  aa  representa  it, 

Ce&txal  Idnea,— In  almost  aH  mechonieal  works,  or  at  Icoat  in  their  details,  there 
ia  necessarily  aymmetry,  or  repetition  of  equal  parts  on  different  sides  of  some  central 
points.  Por  inataneo,  a.  cylinder,  oone^  column,  and  such  liko  bodies,  aro  symmetrical 
niund  theif  aios^  Tho  teeth  of  a  wheel  are  symmetrioal  round  its  centm,  and  so  with 
slmest  all  the  forms  suited  to  moehinery. 

It  is,  therefore,  most  important  in  meoh&nical  drawings  to  mark  the  central  or 
aiial  lines  of  the  different  porta.     As  these  lines  do  not  neceaaarily  appear  on  the  nia- 
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terial,  they  are  generally  distinguished  from  those  that  mark  oudinea  of  aetuil  fonn  by 
the  use  of  a  different-coloured  ink ;  for  instance,  if  the  lines  of  the  drawing  generally 
be  in  black,  as  they  usually  are,  the  central  lines  may  be  ruled  m  red  or  blut;.  Thi^y 
should  always  be  fine  but  distinct  lines,  because  they  serve  as  a.  Htarting-point  for 
numerous  dimensions.  As  an  illustration,  we  may  refer  to  Fig.  34^  whidi  we  may 
suppose  to  be  the  section  of  a  round  or  cylindrical  box,  the  cfintr^  or  aria  of  which  ia 
marked  by  the  dotted  line  a.  One  of  the  bolts  for  fixing  the  coyer  is  al^  showi^ ;  ajid 
as  this  bolt  is  also  cylindrical,  it  has  an  axis  or  central  line  B,  and  tho  poaitien  of  the 
bolt  is  sufficiently  indicated  on  the  section  by  figuring  the  distance  of  ita  axis  &om  that 
of  the  cylinder,  as  it  is  marked,  10,  on  lie  figure.  "We  hftve  indimted  the  central 
lines  a  and  b  by  dotted  lines,  to  distinguish  them  from  the  outliaee  and  hatcMnga ;  on  a. 
drawing  they  would  probably  be  marked  in  blue  or  red,  not  dotted^  but  plain^  fine,  and 
distinct. 

Shadows  and  Shades. — In  order  to  render  mechanical  drawings  more  intolligibl^ 
than  they  otherwise  would  be,  recourse  is  had  to  shadowing  and  shading.  The  projections 
which  constitute  mechanical  drawings  are  not  representations  of  the  a(^tual  appearfLnct^ 
of  the  objects  to  the  eye ;  they  are  merely  the  traces  of  their  outlines  formed  by  pandlel 
lines  drawn  from  all  parts  of  them  to  certain  imaginary  planes  or  flat  surfaces,  wMch 
are  supposed  to  be  transferred  to  the  paper.  In  like  manner,  tn  the  shadowing  and 
shading  of  mechanical  drawings,  we  must  not  attempt  to  gire  the  natural  appearacce  of 
the  lights  and  shades  visible  on  the  objects.  We  must  concert  some  system  of  illuini- 
nating  their  surfaces  in  accordance  with  our  system  of  projecting  their  outlines.  The 
object  of  such  light  and  shade  is  to  make  up  for  the  deficiency  of  one  of  the  dimen- 
sions of  solid  objects,  depth,  thickness,  or  distance,  when  we  represent  them  on  paper  or 
any  fiat  surface. 

These  outlines,  howeyer  accurate,  can  neyer  show  more  than  two  dimensions — - 
length  and  breadth ;  and  can  convey  no  idea  of  parts  projecting  or  receding  from  any 
surface  represented.  Nor  can  light  and  shade  applied  to  these  outlines  give  the  other 
dimensions,  so  that  they  can  be  measured ;  but  they  can  be  applied  with  very  good 
effect  to  indicate  which  parts  are  supposed  to  project  or  recede  from  the  general  fiurfac$>, 
and  the  comparative  amount  of  such  superficial  variations.  If  we  hud,  for  instanco, 
the  outline  elevation  of  a  square  block  of  some  material  (Fig.  37),  we  cannot  judge 


Fig.87. 


Fig.  38, 


whether  the  outline  is  intended  to  represent  a  prominence  or  a  hollow  in  the  general 
surface  of  the  block ;  but  by  a  little  shadowing  we  can  give  the  effect  of  either^  as  in 
Fig.  38.  In  a  we  see  that  the  inner  part  must  project  beyond  the  outer,  in  order  to 
oast  a  shadow  upon  it ;  while  in  ^  the  outer  part  of  the  virface  must  p(roject  beyond  the 
inner  for  the  tftoie  reason. 
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Again,  ahading  may  be  rery  serviceable  in  giyhig  a  just  idea  of  the  form  of  aa 
object  seen  in  elevation.    Thus  a  (Fig.  39)  is  tbe  bare  outline  elevation  of  a  roller. 


Fig.  39.  Hg.  40. 

standing  on  one  end ;  but  it  gives  no  notion  of  the  roundness  of  the  object,  h  is  the 
elevation  shaded,  and  at  once  conveying  the  idea  of  roundness. 

When  the  lights,  shades,  and  shadows  are  all  introduced  in  their  proper  places,  as  in 
Fig.  40,  the  notion  of  solid  form  is  rendered  very  distinct,  and  a  very  dear  conception 
of  the  object  represented  is  conveyed  to  the  mind. 

The  mode  in  which  shadows  are  drawn  is  very  similar  to  the  system  of  project- 
ing the  outlines  them- 
selves. If  we  sup- 
pose a  body,  such  as 
a  die,  to  stand  on  a 
table,  and  nimierous 
parallel  rays  of  light, 
indicated  by  the  dotted 
lines,  to  strike  on  it 
at  an  angle,  some  of 
them  would  be  inter- 
^*  *^  cepted  by  the  die,  and 

thus  all  the  surface  of  the  table  and  the  die  would  be  illuminated,  with  the  exception 
of  the  portions  from  which  the  light  is  kept  off  by  the  solid  body.  The  dark  surface 
thus  left  on  the  table,  is  a  shadow  of  the  die ;  and  the  imilluminated  side  of  the  die  is  a 
shade  on  the  die.  It  appears,  then,  that  the  shadow  is  merely  a  projection  of  the  figure 
made  on  a  plane  by  tracing  oblique  parallel  lines  from  all  the  points  in  the  outline  of 
the  body  to  that  plane. 

But  as  this  projection  may,  like  the  projection  of  the  object  itself,  be  effected  on 
more  than  one  plane,  and  as  we  are  at  liberty  to  suppose  the  object  placed  in  light 
coming  in  any  convenient  direction,  we  may  select  such  an  obliquity  of  the  rays  as 
may  at  the  same  time  furnish  us  with  the  most  distinct  shadows,  and  with  those  most 
easily  drawn.  In  selecting,  then,  the  angle  at  which  the  rays  of  light  shall  strike,  we 
can  assume  any  that  is  not  coincident  with  the  planes  of  projection  on  which  our 
drawing  is  made.  But  as  these  planes  are  at  right  angles,  or  square  to  one  another,  it 
seems  natural  to  select  half  a  right  angle,  45°,  or  what  is  generally  termed  by  workmen 
a  mitre^angle,  as  the  direction  of  the  rays.  Again,  as  a  line  drawn  at  such  an  angle 
may  extend  either  from  below  upwards,  or  from  Ihe  right  towards  the  lefty  or  from  a 
distant  point  towards  us,  we  must  select  the  most  suitable  of  these  courses  for  giving  us 
distinct  shadows.  As  we  are  generally  accustomed  to  see  objects  illuminated  by  light 
coming  from  above,  it  is  natural  that  we  should  determine  on  employing  rays  coming 
from  above  downwards.    Further,  as  our  drawings  are  intended  to  represent  the  visible 
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surfaced  of  objects,  t^  must  suppose  those  sides  that  aro  exposed  to  us,  iUummated ;  and 
therefore  select  rays  coming  from  bdhind  us,  and  striking  oil  and  past  liie  objects.  As 
to  whether  these  rays  shall  come  in  a  direction  from  left  towards  right,  or  from  right 
towards  left,  is  a  matter  of  indifference.  The  only  circumstance  which  can  affect  our 
choice  in  this  last  respect  is,  that  draughtsmen  generally  sit  with  their  left  side  towards 
the  light,  and  therefore  are  more  likely  to  select  rays  coming  in  the  direction  to  which 
they  are  accustomed :  that  is,  from  left  towards  light 
Now,  in  order  to  see  clearly  ^e  effect  of  rays  supposed 
to  come  in  the  chosen  direction^  in  illuminating  certain 
surfaces,  and  in  producing  shades  and  shadows,  we  shall 
suppose  a  piece  of  paper,  cut  to  the  form  of  Fig.  42,  con- 
sisting of  three  equal  squares, 
and  that  portions  of  tb«  diago- 
nals of  these  squares  w^re 
drawn,  Ijring  at  mitre-angles,  or 
angles  of  46°,  irith  the  sides  of 
'&e  squares.  Now,  l«t  us  sup- 
pose that  the  paper  is  folded 
along  the  two  lin«s  a  h  and  a  <;,  so  as  to  turn  up  the  two 
squares  perpendicular  to  the  third,  and  to  each  other,  as  in  Fig.  43,  forming  three 
tides  of  a  square  box,  with  the  diagonal  lines  drawn  upon  them.  If  the  lines  of 
projection  upwards,  towards  the  right  and  towards  the  front  from  the  extremities  of 
these  three  diagonal  lines  respectively,  be  drawn  till  they  meet,  as  indicated  by  the* 
dotted  lines,  we  get  a  line  d  e  lying  obliquely  to  each  of  the  three  sides,  of  which  line 
l^e  diagonal  lines  are  correct  projections.  Now,  this  line  de  would  represent  a  portion 
of  one  of  the  rays  of  light  which,  as  we  suppose,  illuminate  the  objects,  and  all  the  other 
rays  would  be  parallel  to  it.    The  shades  and  shadows,  therefore,  of  plans,  elevations, 

/  and  sections,  projected  on  the 

three  planes,  will  all  be  deter* 

mined  by  lines  lying  at  angles 

of  45""  to  the  boundaries  of  those 

plains.    As  an  example  of  tii» 

mode  of  .correctly   deUnoatia^ 

shadows  according  to  this  law, 

we  may  explain  the  mode  of 

defining  the  shadows  in  Fig.  44. 

1.  The  line  «  b  drawn  at  45** 

from  the  edge  of  the  sectioiiy 

gives   the    breadth  eb   of   th» 

bottom,  over  which  the  shadow^ 

of  the  side  extends;  we  tbere* 

tlan  1,  looking  from  abore.      Plan  2,  looking  from  below.         fore  set  off  m «  and  j»  o  in  ihm 

Jit^4i.  Plan  1,  each  equal  Ui  €b\  and 

drawing  lines  from  n  and  o  parallel  to  the  edges.  We  have  the  outline  of  that  shadow. 

2.  Drawing  d  e  and/y  at  45°  from  two  lower  edges  of  the  section,  we  get  the  extent 
of  the  shadows  observable  in  Plan  2,  the  inner  shadow  «  k;  v  of  the  projecting  part  of  tlw 
bottom  being  limited,  because  the  line  de  falls  within  the  edge  of  tiie  bottom  in  section^ 
while  the  shadow  qty  extends  as  far  as  the  edges  of  the  Plan  2,  and  would  extend 
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&Ttlier  if  there  ^ere  any  surfiMje  to  eatdii  the  ihadow,  became  the  hiMff  in  «eotioa 
eitends  heyond  the  edge  of  the  body. 

3.  Again,  in  the  eleyation,  hi  gives  the  point  t  as  the  limit  of  the  shadow  of  the 
apper  projection,  while  ki,  extending  beyond  tiie  porojecting  part  of  the  bottom,  shows 
that  all  its  sur&ce  must  be  within  the  shadew. 

For  drawings  of  bodies,  whose  boundaries  aro  plane  surftuies,  and  whose  edges  are 
strai^t  lineS)  the  shadowing  is  Tery  simple ;  and  the  proper  inclinations  and  boundaries 
of  the  shadows  almost  suggest  themselTes,  without  the  necessity  for  their  actual  projec- 
tion. But  when  the  bodies  are  bounded  by  curved  surfaces^  such  as  cylinders,  cones, 
spheres,  and  the  like,  the  projection  of  the  shadows  is  somewhat  more  difficult.  A  little 
consideration,  however,  will  in  most  of  these  oases  enable  the  draughtsman  to  give  a 
sufficiently  faithful  representation  of  the  desired  effect.  It  must  not  be  supposed  that 
the  shadowing  of  mechanical  drawings  is  intended  to  give  them  any  merit  in  an  artistic 
point  of  view ;  for,  as  they  are  not  real  perspeotive  representatioiis  of  objects,  but  only 
imaginary  projections,  so  the  shadows  tinted  on 
them  are  not  the  representations  of  shadows 
actoally  seen  on  the  objects  themsehss,  but  f^so^ 
metrical  projections  of  shadows  that  would  ooen 
on  certain  suppositions  as  to  the  direction  of  illu- 
minating rays.  The  only  purpose  of  the  shadowing 
is  to  give  a  clearer  conception  <if  the  solid  form 
intended  to  be  shown;  and  the  draughtsman  should 
therefore  take  eare  to  make  these  shadows  gea- 
metacally  aoourate.  After  having  solved  a  few 
problems  liysM^tual  projection,  he  will  find  it  easy 
to  give  tolerably  fEiithftil  views  of  shadows  by  the 
eye.  We  will  wovk  out  two  problems  in  oiroular 
shadowing  as  examples  of  projection ;  and  we  have 
selected  two  kinds  of  shadows  most  commonly 
oocutrittg  in  meohanioal  drawing  for  this  purpose. 

iFirst,  in  Fig.  45,  we  have  an  elevation,  and  a 
plan  looking  &otn  below,  of  a  cylindrical  body, 
with  a  fiange  or  projecting  rim  round  its  upper 
end.  The  plan  and  elevation  have  a  common 
centre  line  corresponding  with  the  axis.  It  is  evident  tiiat  the  shadow  of  the  lower 
edge  of  the  flange  is  the  boundary  of  the  rtiadow  of  the  flange  on  tiie  elevation.  If, 
^en,  wo  take  any  point,  such  as  a  on  the  0an,  tracing  it  up  to  a^  on  the  elevation,  and 
drawing  a  6  at  45°,  tracing  up  from  *  a  line  in  elevation  till  it  meets  a  line  drawn 
at  46"  from  a^,  we  get  *i  in  the  elevation  as  the  shadow  of  «i.  Taking  a  number 
of  points,  such  as  a,  and  finding  their  shadows  in  a  similar  manner,  we  should  be 
able  to  trace  through  them  a  curved  line  /i  b^  d^  as  the  boundary  of  the  shadow  of  tiie 
flange.  The  extreme  point  /i  is. found  at  once  by  tdring/  on  tiie  plan,  drawing/*, 
tracing  #  up  to  ^^  on  the  elevation,  and  drawing  e^fi.  The  line  cd  on  the  plan  is  supposed 
to  touch  the  inner  circle  in  d;  therefore,  dp  the  remainder  of  the  visible  part  of  that 
cipcle  must  be  all  in  shadow,  as  the  body  itself  intercepts  the  rays.  The  line  traced  up 
from  d  to  the  elevation,  and  meeting  the  proper  shadow  line  ei  rfj  in  d^  is  therefore  the 
boundary  of  the  illuminated  part  of  thp  elevation ;  and  if  tiie  shadow  part  be  filled  in 
with  a  black  tint,  we  have  the  appearance  presented  in  Fig.  46  of  tiie  oblique  projection 
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or  shadow  of  the.flange  on  the  cylinder.  It  is  manifest  that  this  shadow  does  not  convey 
a  proper  notion  of  the  cylindrical  surfaces  intended  to  be  shown.    The  drawing  requires 

shading  to  give  the 

fall  effect;  and  after 

another    example   of 

simple  shadowing,  we 

will     endeavour     to 

show  how  the  shading 

may  be  effected. 

Beferring  now  to 

Fig.  47,.showingaplan 

and  section  of  a  cylin- 
der open  at  top,  we 


Fig.  46. 


have  to  inquire  as  to  the  form  of  shadow  in  the  section 

cast  on  the  inside  by  the  cylindrical  side.    Taking  any 

points  hfd  on  the  inner  circle  in  plan,  and  drawing 

lines  from  them  at  45°  tiU  they  meet  the  opposite  limb 

of  the  circle  in  the  points  ege\  tracing  up  these  points 

bylines  to  l^e  elevation,  and  also  the  points  hfdXa 

hfi  ^if  <u^cl  from  the  latter  drawing  lines  at  45°  to  meet 

the  others,  we  get  the  points  Ci^i  ei  in  the  boundary  of  ^* 

the  shadow.    The  point  a,  where  a  line  at  45°  touches  the  circle,  being  traced  up  to  o^  in 

the  section,  gives  the  commencement  of  the  shadow ;  and  the  outline  being  filled  in  by  ja 

dark  tint,  presents  the  appearance  of  an  interior  cylindrical  shadow.    Like  the  exterior 

shadow  shown  in  Fig.  46,  shading  is  required  in  order  to  give  the  notion  of  a  curved 

surface. 

We  shall,  therefore,  now  proceed  to  discuss  the  question  of  shading ;  which  con- 
sists in  placing  on  a  drawing,  tints  of  various  degrees  of  lightness  or  darkness,  so  as 
to  represent  the  comparative  amounts  of  reflected  light  from  the  different  portions  of  the 
surface  represented.     We  are  not  aware  that  the  question  of  shading  mechanical 
drawings  has  ever  been  discussed  on  geometrical  groimds,  like  that  of  shadowing ;  it  is, 
therefore,  with  considerable  diffidence  th0,t  we  venture  to  offiar  some  considerations 
which  may  frimish  a  due  to  the  proper  variations  of  light  and  shade  on  projections.     A 
skilfril  draughtsman  has  little  difficulty  in  bringing  up  a  very  correct,  and  even  an  artistic 
effect  of  light  and  shade  on  mechanical  drawings ;  but  we  believe  that  it  is  to  a  practised 
eye  and  an  expert  hand  that  he  owes  his  success.    In  shadowing,  he  trusts  to  the  same 
elements  of  success ;  but  as  the  outline  of  every  shadow  can  be  determined  with  mathe- 
matical accuracy,  on  the  supposition  of  parallel  rays  of  light  proceeding  at  certain  angles 
to  the  planes  of  projection,  on  the  same  supposition  we  think  the  variations  of  light  and 
shade  can  also  be  determined.    It  must  be  confessed  that,  even  if  the  lights  and  shades 
of  a  projection  were  determined  in  quantity,  so  that  wo  could  say  such  a  part  of  a 
surface  must  have  twice  or  thrice  the  darkness  or  the  light  of  such  another  part,  'we 
should  still  labour  under  the  difficulty  of  carrying  out  these  dimensions  of  light  and 
shade.    We  might,  however,  approach  them  by  applying  repeated  dark  tints  to  the 
shaded  parts ;  making  the  number  of  equal  tints  laid  on  above  one  another,  correspond 
with  the  degree  of  darkness  determined  on.    But  even  without  attempting  .any  mathe- 
matically accurate  mode  of  carying  out  the  theory  in  practice,  we  may  at  least  derive 
useful  hints  from  its  investigation. 
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If  we  suppose  the  circle  in  Fig.  48  to  be  the  plan  of  a  cylinder,  of  which  we  wish  to 
represent  a  shaded  elevation,  one  half  A  D  B  would  not  he  shown ;  the  other  half  haa  ita 
circumference  divided  into  eight  equal  parts.  We 
will  suppose  parallel  rays  of  light  R,  Rj,  R^,  R3, 
E4,  Rj,  R„  to  come  at  the  proper  angle  (45**),  and 
be  reflected  from  the  surface  of  the  cylinder  in 
.the  directions  r,  r,,  rj,  fj,  ri,  r^,  r^,  respectively. 
These  directions  of  the  reflected  rays  are  of  course 
determined  by  drawing  them  so  as  to  make  the 
same  angles  with  the  radii  C  A,  Gl,  G2,  &c.,  as  the 
incident  rays  make  with  those  radii,  but  on  opposite 
sides  of  them,  according  to  the  well-known  optical 
principle  that  rays  of  light  are  reflected  from  a  sur- 
&ce  at  the  same  angle  as  that  with  which  they  strike 
it.  Now,  of  all  those  rays,  that  striking  the  point  3 
is  reflected  most  directly  to  an  eye  situated  in  the  line 
0  E  at  a  great  distance  from  C,  3  r^  being  parallel  to 
G  E,  and  therefore  the  elevation  of  the  point  3  should 
be  the  brightest.  Again,  the  points  2  and  4  would  ap- 
pear equally  illuminated,  because  the  reflected  rays 
2  rj  and  4  ri  lie  at  equal  obliquities  to  G  E ;  but  each  Fig>  48. 

of  those  points  would  appear  less  illuminated  than  the  point  3,  because  of  this  obliquity. 
Farther,  the  points  1  and  5,  whence  tho  rays  are  reflected  parallel  to  A  B,  mark  ths 
places  where  the  illummation  of  the  surface  ceaacs  ;  and  were  it  perfectly  smooth  and 
polished,  all  beyond  1  towandB  A,  and  beyond  f>  towards  6,  would  be  perfectly  dark. 
The  portion  6  to  B,  receiving  no  light  at  all,  would  be  represented  in  shadow.  In  the 
elevation  then,  if  the  pointa  in  the  eircumJcrence  of  the  plan  be  projected^  and  the  sur- 
face darkened  by  li^iea  or  tints  in  accordance  with  tho  deficiency  of  reflected  illumina- 
tion at  ita  different  parte,  we  get  a  geometricallj  shaded 
ropreaentation  of  a  cylinder. 

For  the  interior  surface  of  a  cylinder  Bhoivn  in  section^ 
the  light  and  shade  of  tha  different  parta  may  be  found  in 
a  similar  way,  as  marked  in  Fig,  49,  where  the  point  6 
giving  the  direct  reflection  will  bo  the  brightest,  th<*  points 
4  and  6  having  equal  intensity  of  light,  but  each  lesa  than 
5,  because  of  the  obliquity  of  the  reflected  rays;  the  part 
A  1  2  3  4  quite  dark,  beeause  the  light  is  intercepted  by 
the  edge  A ;  the  point  7^  whence  the  ray  ia  reflected  parallel 
to  A  B,  the  laat  part  of  the  illuminated  surface ;  and  7  B 
dark,  becauao  the  rays  are  reflected  hack warda.  The  section 
shows  the  shading  in  accordance  with  this  variation  of 
reflected  lights^  the  lower  part  of  the  interior  being  com- 
pletely shadowed  in  the  form  marked  in  Fig.  47. 

The  shading  of  other  curved  suHaces  might  bo  deter* 
mined  in  a  similar  way ;  but  as  eylludrical  surfaces  are  thoflo 
which  moat  commonly  occur  in  drawings  of  machinery, 
we  consider  it  sufficient  to  have  pointed  out  the  prinoiptea  upon  which  the  ahading  of 
them  may  be  determined*    A  little  practice  will  doon  enable  a  draughtsman  to  p.ve  a 
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rounding  effect  to  diawings  of  such  suifEuses ;  and  a  little  caie  giyen  to  Ilu8  wiH  otbesn. 
render  plain  and  explicit  a  drawing  which  would  otherwiae  he  oomparatiyelj  ohaonre. 
The  lights,  shades,  and  shadows  to  complete  drawings  need  not  be  determined  by 
geometrical  projections,  which  would  often  involye  great  labour  without  adequate 
results.  A  draughtsman  accustomed  to  make  drawings  of  machinery,  forms  in  hj^  own 
mind  a  very  accurate  conception  of  the  scdidity,  jnojectiona,  and  hollows  of  the  yarioua 
parts,  and  throws  in  the  shades  and  shadows  by  eye  in  auch  a  manner  as  to  give  a  tol«r 
able  notion  of  these  yariations  of  surfaoe.  It  is  well,  howerer,  that  the  beginner 
should  know  the  principles  on  which  iihadjng  should  depend,  and  he  will  then  be  better 
prepared  for  that  success  in  their  iij^lioation  which  practioe  of  eye  and  hand  can 
only  give. 

Before  concluding  this  pqrt  of  our  subject^  we  may  say  a  few  words  respect&ng  the 
instruments  required  by  the  mechanical  draughtsman.  The  board,  on  which  the  pai>er 
is  fixed,  should  be  of  well-seasoned  wood,  accnirately  right-angled,  or,  as  it  is  commonly 
called,  tquare  at  the  angles.  As  wood  is  of);en  apt  to  warp  and  shrink  according  to 
changes  in  temperature  and  moisture,  it  is  often  necessary  to  have  the  edges  of  the 

board  adjusted  by  the  carpenter's 
plane,  eqiecially  if  the  wood  be  new. 
Where  great  aecoracy  of  drawing  ia 
required,  this  ia  a  nutter  which 
should  always  be  carefully  looked  to. 
t^\  I  »  V"  The   dimwing-square,    or     "T 

square,  consists  of  a  stock,  with  a 
projecting  lip  which  can  slide  along 
the  edge  of  the  drawing-board,  and 
a  blade  having  the  edges  accurately 
straight  and  parallel.    The  edges  of 

Q 1 — '■ 1  ^  blade  should  be  at  lig^t  ang^ 

*■    '  tp  tlie  face  of  th?  stook^  but  this  is 

^'  ^'  not  qi  very  grejit  importanoe,  for 

eTflB  i|  the  blade  ipud^  any  ofi^V  thju»  a  right  aqg^  with  the  stock,  provided  the  angle 
Q  (Fig.  6Q)  of  ihe  drairing-lMMr^  be  a  right  angle,  Ijje  lines  drawn  by  the  square 
fppUe^  iff  hoUh  e^ge^.of  tlie  bo^rd  will  b§  at  right  aggies  to  one  another.  Indeed,  the 
blfwi?  m'^  ^ock  are  oftej^  made  so  that  the-  angle  qnn  be  varied  at  pleasure,  a  scre^w 
b^i^g  ^^tted  in  1}ie  stock  in  suph  a  mmmer  fw  tp  hold  the  blade  fast  at  the  angle 
require^.  This  ima  of  inatrwnffiftt  if  <?»UlWl  *©  }fml  T  »4«ve,  and  is  useftd  when 
there  are  to  1^  diftwx^  Qiune^np 
lines  p«zallel  and  at  right  anglef  1^ 
one  aqother,  \^t  d^qv»  tp  t^ 
e^gea  of  the  board, 

p{  VPpd  having  ti^ei^r  sifles  ^kvch- 
rately  straight,  v\d  pn^^M  Pftrti- 
fif^  a^lgles  wi^  ^^  o^Nr- 

The  piQst  it«Bful  fet-squaiw  we 
tjbfB  tlw99  i^^iwn  i»  Fig.  ^h 

Jgg,  I  is  |i  triangle,  having  one 
fi)^.  a  XH^t.90^  <¥r  9P° ;  iind  the  other  iwo  mo^  ^,  xir  half  a  cigirt  angle. 
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Ko.  21uui«nfiim^e90'';  «ootb«rdO%or  one-thii^  oC»  q^tMigle;  Mid tkt  third 

60^  or  two-tlur^fl  of  ^  light  angle. 

No.  3  haf  ax^  aiigl^  90° ;  another  22|%  or  on*-f<rar|h  of  a  nght  angle;  and  the  third 

^7i\  or  tjuee-foartbii  of  a  right  angle. 

As  an  example  of  the  lue  of  theae  aet^naiea,  we  will  mppoae  that  we  hart  Co 

describe  a  hexagon  round  a  given  circle  (Fig. 

62).    The  circle  being  deacribed  rQund  the 

centre  6,  the  bla^e  B  of  the  f*  aqvare  being 

broiight  into  anyoonyenient  pqfition,  tite  #et 

flquare  No.  2  ia  applied  to  ite  edge  in  the 

^UfOsreint  poaituma  inajked  by  the  dotted 

Unea,  and  the  odaa  /«,  «d;  i^  ^^  of  th^ 

hexagon  drawn,  touching  the  circle;    the 

other«idea,«A,^ai,a/beiiigauBil«ilydi«.wn 

by  Btuiti]fg  the  let-aquaie  into  suitable  poai-     I 

tiqqa,  which  999  not  paidM  in  the  ifgoiey  to 

aTdd  ponfoaio^. 

Soales  f^  blad^  of  ivory,  boxwood,  vf0tM^  or  oa9d>4MWfd,  haviog  atraigfat  edges 

divided  into  e^ual  parts,  whidi  ase  generally  fraetiona  of  a  foot  or  inch.    In  making 

drawings  of  maehinfiy  it  is  ganemtty  neoeasary  to  ropieacpt  the  porta,  not  of  the  real 

sues  to  wliich  ^y  are  made,  but  to  pome  known  scale,  ao  that  all  the  prapartiana  of 

the  p^r^i  are^ificax^UHj inwntainfld.  JPor  inatanoQ,  had  we  to  m$kB  drawings  of  aitoaa^- 

^ngine,  wo  should  seleot  some  oopTonient  aiso  to  the  dmwings ;  we  aught,  for  example, 

represent  iho  oogwo  one-eigbth  of  ita  reiil  siao,  and  should  form  a  aoale  oyery  ineh  of 

.^bich  abould.ataBdfor  ein^t  inohea  of  the  real  woi^  every  foot  for  eight  foet,  iipd  every 
iiMiJl  and  a  bidf  for  one  foot.  Xhia  would  be  sailed  aaeale  of  one^ei^ttb  real  aixe,  or  a 
.fgaleof  aniachaiidahalf  toafoot,beeauaean  inch  and  a  half  ia  the  eighth  part  of -a 
foot  Now,  in  making  ^  drfMriag,  or  meaauring  from  it  when  made,  k  would  be 
•liGul^lliBKWLe  «d4  todioua  to  oikulilte  what  ^uld  be  the  siae  drawn  of  ea^  dimonaion 
4f  Ibe^wQisk;  bj»t  .having font  formed  a  seale,  ioflboa  Fig.  63,  orery  iMhoad  a  half  of 


Ji:^. 


I>I«.U. 


"1 


1= 


•?i?^ 


■j'y'^'i'^u'i 


Fig.  n 
which  Tepresents  a  foot^  one  of  these  foot  being  divided  into  twelve  inches,  we  can  at 
once  apply  it  to  the  drawing,  and  aet  off  any  refuired  dimension  in  feet  and  inchea. 
The  most  i^onveivient  scales  for  mechanic^  drawings  are  those  of 


iH  tfkcbes  fo  I'fool^  or  i  va^  ww* 

^       w        I      n       i        >» 


1  inmb  to  1  footi  or  A  nal^iao. 
i     i>      1      If     lb       » 

*       l>       1        n      Wif        » 


For  architectural  dxvwings,  and  drawings  of  large  works  generally,  the  following 
ifo^^nall^found  oonvonient,  in  addition  to  the  above  :-^ 


1  inck'to  1^  foet,  or-tiv  real  stee. 


1  ineh  to  60  foet,  or  j^  reid  size. 

*  «  ^  99  VWJf  99 

.1     „    100    •  „     im     M 
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For  drawings  of  land-siirveys,  it  is  usual  to  employ  chains  as  units  of  measurement ; 
and  scales  are  therefore  made  in  terms  of  them,  such  as  ten  chains  to  one  inch,  and  the  like. 
In  plans  of  railway  or  canal  works  it  is  often  necessary  to  measure  round  curves ;  and 
as  those  curves  are  generally  made  portions  of  circles  for  ease  of  setting  out  and  execu- 
tion, circular  scales,  divided  equally  round  their  circumferences,  are  sometimes  em- 
ployed. 

Offsets  are  short  scales  which  act  as  set-squares  as  well  as  scales. 
The  protractor  is  an  instrument  generally  made  semicircidar,  divided  out  equally 
round  the  circumference  in  degrees ;  and  it  is  used  for  setting  off  such  angles  as  may  he 
required. 

The  other  instruments,  such,  as  dividers,  drawing-pens,  pen  and  pencil-compasses, 
are  so  generally  known,  and  their  use  is  so  simple,  that  we  need  not  devote  space  to  con- 
sidering them. 

For  the  draughtsman  employed  on  devising,  on  paper,  work  to  he  executed  in  solid 
materials,  we  strongly  recommend  that  he  should,  as  much  as  possible,  endeavour  to 
draw  aU  details  of  their  full  size.     Scale-drawings,  especially  of  large  works,  are  abso- 
lutely required  to  show  the  combination  of  all  the  parts  into  the  one  machine  or  engine, 
fuU-size  drawings  of  which  would  be  of  mgst  inconvenient  size.    But  in  addition  to  the 
scale-drawings  of  the  whole,  it  is  the  practice  of  the  best  engineers  to  execute  fall-sized 
drawings  of  details.    One  great  advantage  of  this  is,  that  the  draughtsman  sees  better 
on  the  fiill  size  what  should  be  the  best  forms,  dimensions,  and  combinations  of  the 
parts  in  respect  of  strength,  efficiency,  and  economy  of  material  and  labour ;  and  another 
advantage  consists  in  the  facility  with  which  the  workman  can  read  off  the  drawings,  or 
transfer  to  the  solid  materials  he  labours  on,  the  dimensions  and  forms  marked  on  the 
drawings :  he  has  only  to  apply  his  rule  to  the  drawing  and  to  his  work,  and  make  them 
agree.   Farth^,  as  it  is  customary  for  workmen  to  use  rules  divided  into  inches,  and  these 
again  into  halves,  quarters,  eighths,  and  sixteenths,  the  draughtsman  should  make  his 
dimensions  such  as  can  be  measured  in  those  fractions.    We  have  known  numerous 
workmen  who  perfectly  comprehend  the  eighth  or  sixteenth  part  of  an  inch,  but  had  not 
the  remotest  concieption  of  what  was  meant  by  the  tenth  or  the  twentieth  part.    Were 
the  dimensions  even  figured  by  tenths,  the  workman  would  read  it  in  quarters,  eighths, 
or  sixteenths,  and  would  most  probably  err  in  reducing  it  from  the  one  denomination  to 
the  other.    It  is,  therefore,  preferable  in  the  first  instance  to  draw  oi^  figure  the  dimen- 
sions in  a  denomination  which  the  workman  wiU  employ. 


STRENGTH  OF  MATERIALS. 

The  materials  with  which  the  practical  mechanic  has  principally  to  deal  are  metals, 
such  as  steel,  wroiight^iron,  cast-iron,  copper,  brass  and  gun-metal,  lead,  tin,  and  zinc ; 
timber,  such  as  oak,  teak,  ash,  beech,  and  other  hard  woods ;  fir,  pine,  cedar,  and  other 
soft  woods ;  stones,  bricks,  mortars,  and  cements ;  cordage,  straps  and  bands,  and  the 
like.  The  strains  to  which  these  materials  may  be  subjected,  may  be  classed  under  fiTe 
heads: — 

1.  Tension,  or  a  strain  applied  in  the  direction  of  the  fibres  of  a  body,  so  as  to  pull 
it  asunder,  as  in  the  case  of  ropes,  bands,  tie-rods,  and  chains.  The  strength  of  a  body 
to  resist  a  strain  of  this  kind,  is  called  its  cohesion,  or  the  force  with  which  its  parts  are 
held  or  knitted  together.    . 
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2.  Coxnpre88ion,  or  a  strain  applied  also  in  the  direction  of  the  fibres  so  as  to  crash 
a  body,  as  in  the  case  of  a  column.  Compressiye  strain  is  exactly  opposite  to  tensiTe 
strain ;  and  the  power  of  a  body  to  resist  it  seems  to  depend  chiefly  on  its  elasticity. 

3.  Transverse  strain,  or  force  applied'  perpendicularly  to  the  fibres  so  as  to  break  the 
body  across,  as  in  a  beam  loaded  in  the  middle.  In  resisting  a  strain  of  this  lrit><i,  the 
cohesion  and  elasticity  of  a  body  are  also  exercised. 

4.  Torsion  or  twisting,  or  a  force  applied  at  the  end  of  a  lever  so  as  to  turn  one  end 
of  the  body  round  it&axiS)  while  the  olher  ei^d  is  fixed,  as  in  a  shaft  or  axle. 

5.  Clipping  or  shearing,  or  a  power  applied  to  divide- or  cut  a  body  across  its  fibres. 
All  the  possibk  strains  to  which  materials,  whatever  be  their  forms  and  arrangements, 

can  be  subjected,  are  of  one  or  more  of  these  dassesv.  We  therefi)re  propose  to  consider  them 
separately,  and  endeavour  to  apply  the  results  of  experiment  and  observation  to  their 
discussion,  endeavouring  to  avoid,  as  far  as  possible,  mere  abstract  mathematical  inves- 
tigations. We  cannot,  however,  altogether  diq>en8e  with  mathematical  aid,  but  we 
shall  endeavour  to  place  the  reasoning  as  much  as  possible  on  such  a  footing  that  a 
student  having  a  moderate  acquaintance  with  the  general  principles  of  mechanics,  may 
have  little  difficulty  in  following  it.  We  must  premise  that  the  ^diole  subject  is  as  yet 
in  an  unsettled  condition  in  some  respects,  for  it  has  happened  that  very  few  writers  have 
discussed  it  as  a  whole ;  and  of  those  who  have  discussed  portions  of  it,  some  may  be 
said  to  have  done  so  with  too  little  regard  to  its  practical  application ;  wbJXe  others  have 
erred  in  the  opposite  direction,  giving  mere  empirical  rules  without  theoretical  reasons 
for  their  establishment.  We  shall  endeavour  to  stees  a  middle  course  between  these 
extremes,  trying  to  show  as  clearly  as  possible  the  reasons  for  oondusiona  that  have 
been  arrived  at,  and  quoting  from  the  best  authoritiea  the  results  of  expernnents  in  a 
fi>rm  that  may  render  them  conveniently  applicable  in  practice. 

1.  Tension. — We  may  consider  that  every  body  subjected  to  tension  consists  of 
numerous  fibres  laid  side  by  side,  and  extending  over  the  whole  length  of  the  body. 
Even  if  the  body  be  not  of  a  fibrous  constitution,  we  may  conceive  its  particles  to  be 
arranged  in  longitudinal  rows,  each  paitide  being  held  to  the  next  by  some  foioe  which 
we  call  attraction  of  cohesion.  A  row  of  particles  so  held  together  exactly  corresponds 
with  our  notion  of  a  fibre ;  and  we  axe  therefore  warranted  in  treating  all  bodies  as 
fibrous  while  we  discuss  their  strength  to  resist  tension. 

Let  us  suppose  that  we  have  a  rope  capable  of  sustaining  a-  hundredweight,  and  no 
more,  without  breaking.  We  should  call  the  absolute  cohesive  strength  of  that  rope  one 
hundredweight,  or  112  lbs.  The  leng^  of  the  rope  by  which  the  weight  is  suq)ended 
has  evidently  no  influence  on  its  strength ;  for  if  any  one  part  of  its  length  be  capable  of 
sustaining  the  strain,  and  if  it  be  uniform,  every  other  part  will  be  equally  capable  of 
sustaining  it.  It  is  true  that  were  it  hanging  verticafiy,  adfitions  to  its  length'would 
increase  the  weight,  stretching  its  upper  portion,  because  each  portion  of  added  length 
becomes  an  added  weight.  But  considering  the  weight  of  the  rope  itself  as  part  of  the 
stretching  force,  we  say  that  the  given  rope  has  an  absolute  cohesive  strength  of  112  lbs., 
whatever  be  its  length. 

Now,  if  any  number  of  such  ropes  were  suspended  in  a  row  (Fig.  54),  each  might 
have  a  hundredweight  attached  to  it  witliout  breaking,  and  the  absolute  cohesive 
strength  of  all  together  would  be  expressed  by  the  .number  of  hundredweights  sus- 
tained; that  is,  by  the  number  of  ropes,  reckoning  each  as  having  the  strength  of  a 
hundredweight.  Whether  we  deal  with  ropes,  however,  of  hemp,  or  rods  of  wood  or 
of  iron,  or  of  any  other  material,  if  we  know  the  strength  of  one  such  rod  and  tha 
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lumber  of  ihtm  0ii«tfll)iin]^  equal  -^Bights,  we  ksi&w  thid  total  wteiglit  AistifiiMed  tsy  &em 
•11 ;  that  Is  to  lay,  Hieir  ddkn^med^rtr^jstii.    Let  ua  ot^uine,  kidStidiid  df  rdp6»,  that  w^ 

experiment  tdth  square  bars  o^ 
iron  nibafltning  an  iii6h  each  tray, 
or  haribg  a  square  mch  of  sec- 
tional al^a.  Whether  a  nnmbet 
of  these  bieu^,  inch  as  niiie  of 
them,  be  Siispendjisd  in  a  toWj  df 
iKrhtch:  A  (Fig.  55)  is  the  |ilan, 
^6i  iiitervals  between  them ;  or 
in  a  close  ro#  with  no  iAterrals 
tiH  ill  "By  and  forming  a  bar  nine 
ihche*  wide  by  one  inch  thick ; 
6t  ina  square,  C,  measuring  thred 
inches  each  why;  there  can  be 
no  difiEerence  in  their  combined 
dtk^ngth)  or  in  the  total  weight 
carried  by  the  i^hole  number  of 
bars,  howeter  they  may  be  ar-' 
hm^d. 

If,  then,  iKi^  know  the  w^gfitf 

sustained  by  a  bar  or  rod  of  any 

material  haying  a  sectional  ar^ 

of  orie  square  inch,  -We  caii  ciJti-* 

mate  the  weight  that  can  be  sua-- 

tained  by  any  o^rar  bar  of  the 

same  material,  by  cidculating  ^e^ 

number  of  square  inches  in  its 

sectional  area,  and  allo^ng  the- 

known  strength  for  each  squats 

inch.    For  exdm^e :  let  us  Sup-> 

pose  that  ire  find  by  ex^rlment 

^'  **•  the  arerage  strength  of  a  bar  of 

ihN)ii|^t*a!>Dn,  1  square  iiich  in  Section,  to  be  SO  tdiis,  or  67,200 lbs. ;  Yet  xm  asbertidn 

t^  «ti!«ngtk  of  a  bar  10  inches  ^de  and  10  inches  thick.    Since  iSje  se^onat  ilt^  ia 


¥iit,  89. 

10  in.  X  10  in.,  or  100  square  inches,  the  strength  is  3d  tons  X  100  sq,  in.,  or  3000 
tons;  ht  67,200  lbs.  X  100  sq.  in.,  yiz.  6,720,000  tbs.    The  strength  of  a  rouhd  t>ar 
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1  inch  in  dkLmeter  would  be  estimated  in  the  same  way;  for  as  the  area  of  a  circle 
1  inch  in  diameter  is  0*7854  sq.  in.,  the  strength  of  the  round  bar  1  inch  in  cUameter 
would  be  30  tons  X  0*7854  sq.  in.,  at>out  2fd|  tons ;  or  67,200  lbs.  X  0*7854  sq.  in., 
about  52,780  lbs. 

Farther,  aa  the  areas  of  circles  tfre  in  pro]Mntii>n  Co  the  squares'  of  their  retpeetire 
diameters,  the  strength  of  a  round  bar  of  iron  of  any  diameter  is  23|  tons,  or  52,780  lbs., 
multiplied  by  the  square  of  the  diameter  in  inches.  Thus,  a  round  bar  of  10  indies  in 
diameter  has  a  strength  of  23J  tons  X  100  =  2350  tons ;  for  the  area  of  a  circle 
10  inches  in  diameter  is  100  times  that  of  a  circle  1  inch  in  diameter.  All  this  mode 
of  ealculatioii  manifestly  proceeds  on  the  simple  principle,  that  erery  equal  fibre  or  row 
of  particles  is  supposed  to  act  equally  in  resisting  strain ;  and  that  as  the  number  oi 
such  fibres  or  rows  is  prbportioniil  to  the  area  of  section,  the  strength  of  different  ban 
er  rods  are  therefore  proportional  to  their  areas  of  section. 

So  far  the  theoretical  principle  of  oohesive  strength  appears  rery  simple  and  easily 
applicable  in  practice.  It  now  becomes  our  business  to  inquire  how  far  practical  results 
agree  with  the  theoretical  principle.  Many  engineers  have  deyoted  great  care  to  expe- 
riments on  this  subject ;  and  although  the  results  present  considerable  differences,  yet 
all  of  them  seem  to  bear  out  the  principle  we  hfrye  laid  down.  As  an  ezan^e  of  the 
near  approach  which  practical  results  make  to  the  theoretical  law,  we  may  select  some, 
experiments  made  on  round  copper  bars,  as  shown  in  the  following  table.  The  first 
coluDin  oonfaiiis  the  diaiheteFs  of  tiie  bar  in  iiicheh ;  the  second  the  sectioBal  lireas  in 
square  inches,  or  decimal  parts  of  a  square  inch  j-  the  third  contains  the  weight  in  tons, 
and  decimal  parts  of  tons,  which  were  required  to  break  the  bars ;  and  the  fourth  oolunm 
contains  th^  wei^ts  in  tons  j^er  square  inch  of  sectional  area  required  to  break  or  tear 
the  bars  asunder.  The  numbers  in  the  last  column  are  calculated  by  a  sitaiple  propor- 
tion ;  thus,  taking  the  bar  }  inch  in  diameter,  tbe  area  of  which  is  0*7854  square  idches, 
and  the  breaking- weight  17  tons,  we  say— 

Sq.in.       Sq.in.       I^ohs.  Tons. 

0*7154     :     1     r:     17     :     21*645; 

the  weight  that  would  be  required  to  break  the  bar  were  it  one  inch  square. 

Table  I. — Bxpermentt  on  Oohenve  Strength  of  Oylindriedl  Copper  Bare, 


Diameter  of  bar: 
jflHOies. 

i^fO^. 

BireaUng-weight: 
iabB, 

Breaking-weight 

reduced  to  1 

B^.iiich: 

torn. 

li 

.  0*9940 

22 

22133 

1 

0*7854 

17 

21*645 

1 

0*6013 

12*8 

21-287 

i 

0*4417 

9 

20*376 

ilean  21*36  tons. 

It  TJHllbe  seeii  fhat,  although  the  sectional  areas  of  the  bars  diiffer  very  considerably, 
the  breaking-weigl^ts,  reduced  to  one  square  inch  of  area,  do  not  vary  greatly  firom  their 
mean  talue. 

Table  II.  contains  the  results  of  experiments  on  best  hempen  bower  cables  used  in 
the  nayy.  Hie  first. polumn  contains  the  circumferences,  or  girths,  of  the  cables  in 
inches  (the  dimensions  of  cables  being  generally  stated  in  terms  of  their  girths) ;  the 
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iecond  column  contains  their  sectional  areas  in  square  inches ;  the  third  exptesses  the 
number  of  threads  in  each ;  the  fourth  column  marks  the  actual  breaking- weights ;  the 
fifth  the  breaking- weights  per  square  inch  of  sectional  area ;  and  the  sixth  the  breaking- 
weights  per  thread. 

Tabus  II,— £sqferifnents  on  the  Cohetm  Strength*  of  Bwt  Hen^tm  Bower  Cables, 

,.,^  ,  „^.   i-ri—- r-r.  t>u> -Lirrinr.  tOllS.  tOIU.  VM. 

23  42  2736  114  2*714  93) 

18  26  1656  63  2423  85} 

14}  17.  1080  40  2-353  83 

Mean  2*5  nearly         87 

The  strengths  in  these  cases  also  are  very  nearly  as  the  sctional  areas  or  numbers  of 
threads.  Wo  shall  finally  quote  the  results  of  some  experiments  on  the  strength  of 
wrought-iron  bars  of  various  qualities,  as  marked  in  Table  III.,  where  the  breaking- 
weights  per  square  inch  are  giren  as  calculated  from  the  experiments.  The  first  column 
contains  the  description  of  bar,  the  second  contains  the  dimensions,  the  third  gives  the 
amounts  in  inches  which  each  foot  of  the  bars  stretched^  and  the  fourth  gives  the  break- 
ing-weights per  square  inch  of  sectional  area. 

,      Tabl9  111.— JExperimetUe  on  the  Coheewe  Strength*  and  Extension  of  Wrought 


Description  and  form. 

extension: 
inches. 

South  Wales,  cylindrical. 

Ditto             ditto. 

1-50    „ 

Stafford,  square. 

0-75  side. 

Ditto     ditto. 

108    „ 

Welsh,  square. 

100    „ 

•  Scrap,  square. 

100    „ 

Common,  cylindrical. 

2*00  diam. 

Stafford,  square. 

100  side. 

Extension 
per  foot : 
inches. 

Breaking-weight 

per  sq.  in.  of  section 

tons. 

1*81 

29-3 

1*86 

29-8 

1*22 

27*2 

1*24 

27*5 

2*38 

290 

2*50 

290 

1*60 

31-8 

110 

310 

Mean  29*3 

By  numerous  experiments,  such  as  those  quoted,  data  have  been  determined  from 
which  we  can  readily  calculate  the  dimensions  of  a  bar  of  any  material  to  carry  a  given 
weight,  or  conversely  the  weight  which  a  given  bar  of  material  will  cany.  These  data 
have  been  determined  by  the  actual  breakage  of  the  bars  tested;  but  in  practice,  where 
durability  and  adequate  strength  to*  meet  contingencies  of  strain  are  required,  it  is  neces- 
sary to  give  the  materials  we  employ  considerably  greater  dimensions  than  such  as 
would  merely  preserve  them  from  breakage,  or  to  load  them  with  considerably  leas 
weights  than  those  which  would  tear  them  asunder.  Farther,  it  is  found  in  practioe 
that  materials  subjected  to  considerable  strains  for  long  periods  of  time  gradually  lose 
their  tenacity ;  and  this  degradation  of  quality  must  be  provided  against  when  perxna- 
nence  and  stability  are  required. 

In  the  case  of  metal  bars  it  is  advisable  not  to  load  them  beyond  one-third  of  their 
actual  breaking  strain ;  or,  in  other  words,  to  provide  them  of  three  times  the  streng^th. 
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sufficient  to  resist  tearing  asunder.  ■  In  the  case  of  ropes,  timberi  and  suoh  other  mate- 
rials as  are  of  less  uniform  consistency  than  metals  generally  are,  or  are  more  liable  to 
degradation,  it  is  advisable  to  provide  at  least  four  times  the  breaking  strength. 

Table  lY.  contains  data  for  the  strength  of  a  number  of  materials  on  which  experi- 
ments have  been  made ;  and  the  numbers  given  may  be  safely  used  in  calculation,  as 
they  are  reduced  to  one-third  or  one-fourth  of  the  breaking  strength. 

The  strengths  are  given  in  square  inches,  and  also  in  circular  inches  for  convenience 
cf  calculation ;  and  the  following  are  the  rules  for  calculating  the  strength  of  a  given 
bar,  or  the  dimensions  required  to  bear  a  given  load. 

I.  Given,  the  dlmenuons  of  a  bar  of  any  material  to  find  its  cohesive  strength,  or  the 
canstant  load  it  will  safely  bear  in  the  direction  of  its  length. 

1.  ^When  the  bar  is  square. 

JSu/^.-^Multiply  the  number  of  inches  in  the  side  by  itself  and  by  the  number 
opposite  the  given  material  in  column  2  of  Table  lY. 

Example  1. — Kequired  the  cohesive  strength  of  a  square  bar  of  English  wrought-iron, 
of  which  each  side  measures  1\  inches. 

2^  expressed  decimally        •  '      2*25 
Multiplied  by  itself  .        2-25 

1125 
450 
450 


Multiply  by  tons  in  table 


50625 
8-3 

151875 
405000 


4201:875 
Neglecting  the  decimal  firaction,  we  find  that  we  may  safely  load  the  bar  with  a 
weight  of  42  tons. 

2.  When  the  bar  is  oblong,  or  of  some  other  form  having  straight  aides. 
BuU. — Mxdtiply    the    width    by   the    thickness,    or 

generally  find  the  sectional  area  in  square  inches,  and 
multiply  by  the  number  in  column  2  of  the  table. 

Example  2. — Required  the  cohesive  strength  of  a  bar 
of  wrought  copper  of  the  form  and  dimensions  given  in 
Fig.  56. 

The  upper  part  of  the  figure  is  an  oblong  or  rectangle, 
of  which  the  width  is  4  inches  and  the  thickness  is  1  inch ; 
its  area  is  therefore  4  X  1>  or  4  square  inches.  <--|  -> 

The  lower  part  of  the  figure  is  a  trapezoid,  of  which  Fig.  56. 

the  thickness  at  one  edge  is  2  inches,  and  at  the  oth^  1 ;  the  mean  thickness  is  there- 
fore 1}  inch,  and  the  width  being  2  inches,  its  area  is  1|  x  ^t  or  3  square  inches. 
The  total  area  of  the  section  is  therefore  7  square  inches :  and  7  multiplied  by  5 
tons,  the  strength  of  wrought  eo^ier  in  eolumn  2  of  table,  gives  the  strength  of  the 
bar  35  tons. 

3.  When  the  bar  ia  cylindrical. 

i^u^.— Multiply  the  diameter  in  inches  by  itself  and  by  the  number  in  column  3. 
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txaimf^  8. — ^iritequired  the  colieaiTe  strength  of  &  ^  pold  4  inches  in  diameter. 
I  X  ^  X  1*26  giye  20*16,  say  20  tons. 

4.  When  the  hor  is  of  ellipfical  section. 

B,tiU. — ^Multiply  the  grater  diameter  by  th6  less,  and  by  the  number  in  column  3. 
Example  4. — ^Required  the  cokesire  strength  of  an  elliptical  lead  bar,  of  which  die 
greater  diameter  is  2  inches  and  the  less  I|  inch :  2  X  If  X  ^00  give  1500  lbs. 

5.  When  the  bar  is  cylindrical  and  hollow  like  a  pipe. 

Rtde, — Multiply  the  outer  diiUheter  by  itself  and  also  the  inner  by  itself^  subtract 

the  one  product  horn,  the  other,  and 
multiply  the  remainder  by  the  number 
in  column  3. 

Example  5. — Bequired  the  oohesiTe 
strength  of  a  brass  tube  2  inches  diameter 
outside  and  1^  diameter  inside. 
2    X2   =4 
lJXli  =  2J 


IJ  X  212  =  3-7  tons. 
6.  As  a  general  rule,  whatever  be 
the  form  of  section,  find  the  area  either 
in  square  inches  or  circular  inches,  and 
use   as    a  multiplier    the    number  in 
Or  find  the  strengUu 


Fig.  57. 
column  2  in  the  one  case,  and  that  in  column  3  in  the  other, 
due  to  the  several  parts  of  the  section,  and  add  tiiem  togetiiei-  for  the  total  strengtL 

Example  6.— Required  the  cokesire  strength  of  a  cast-iron  bar  of  the  form  and 
dimensions  given  in  Fig.  57. 

Taking  first  the  hollow  semicircular  part, 

Outer  diameter  5  in.  X  ^  ==  25 
iiuxffrdiMnetei  I  &l  X  3  ±=   % 

Take  ^  for  semidit^le  )16 

8  circ.  in.  X  212  tons  (col.  3)  =  16-96  torn. 
Two  upright  sides  each  2  in.  by  1  in.  have  an 

area2xlX2      .  .        .        .    =:4  8q.  ins. 

Two  lower  flanges  each  2}  in.  by  i  in.  kare  an 

area2x2Jxl =6 


fifquAre  iiickes  ^  X  2*7  tons  (coL  2)  =  ^4-3  tons. 


Totsl  cohesive  strelngth  41-^  torii 

TT     rm.  *ay  41  touS. 

11.  The  oonrerse  operations  aire  for  calculating  the  dimensions  df  A  bar  required  to 
carry  a  given  load. 

7.  When  the  bar  ifl  square  or  oblong. 

i?afo.---Multiply  the  numbor  in.  cdumii  4,  by  the  gfiv«en  nuttib*  of  toiu^  i!nd  the 
product  gives  the  number  of  square  indies  of  sectional  area. 

ExampU  7.— Required  the  area  of  a  bar  of  wrouglit-iron  mem  of  Sttrtiiiiini?  ten 
tons;  ^. 
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KuttLl^  from  6oI  4  .    .    •    0^120 
K«d1ipfyby Id 

1*2  square  inch. 

TMs  tJ^Honal  area  mfty  bd  atldned  by  making  the  bar  sqnare  about  1  ^  inch  of  a 
Hide;  6r  making  it  oblong,  nich  as  ^  inches  bj  f  inch  thick,  or  any  dimensions  such  that 
tkeir  product  is  at  least  1*2  squafe  mch. 

8.  Whcm  uke  oar  is  cyliimricai. 

Bide. — Midixfiy  the  n^niber  in  col.  6  by  the  ▼«ght  in  tons,  and  take  the  square 
toot  of  the  product ;  it  iHll  be  the  diameter  in  inches. 

BstampU  S.-^Bequired  the  diameter  of  a  cylindrical  bar  of  vrought-oopper  to  carry 
96toiig. 

Kumbdr  ifitoln  cd.  6   .    .    .    0-266 
Multiply  by 86 

9'  nearly. 
The  square  root  of  9  is  3  inches,  the  diameter  of  the  bar. 

9.  For  bars  haying  Actions  of  Ysrious  forms  and  proportions,  the  calculation  inust 
be  trials  to  a  certain  extent.  The  number  of  square  inches  required  is  found  as  in 
Example  7y  and  these  laaj  be  disposed  in  any  suitable  form  liiat  may  be  required. 

Table  tV,—Data  for  Oaleulatmg  the  Cohenve  Strength*  6f  Bart  of  difefent  Maierwk, 
determined  from  the  Averagee  of  numerous  £xperimente.  The  nmnbere  are  gufen 
roundly f  a*  no  material  error  will  arise  in  praetieefrom  their  mw. 


CoLl. 

C!oL2. 

Col.». 

OlA.4. 

CM.  9. 

Nam«of]Bttt6ii«l. 

Strength  per  square 
tectlonal  area. 

dtrengthper 
eircalar  inch  of 
sectional  area. 

Area  in  sq. 
inches  to 
bear  1  ton. 

Areaindro. 
inches  to 
bear  1  ton. 

Afdi 

Tons.          Ibfl. 
2-2   or   5,000 
1-g    „    8,400 
2-jr    „    6,000 
1-6    „    3,600 
1-1     „    2,400 
1-4    „    3,10(J 
13    „    3,000 
2-0    „    4,600 

2-7    „    6,000 
2-8    „    0,300 
6-6    „  11,200 
2-7    „    6,000 

8-8    „  18,600 
10-7    ,,24,000 

0-3    „      650 
20-0    ,,45,000 
18-6    ,,41,600 

0-7    „    1,600 

Tons.          lbs. 
1-78  or  8,900 
1-18  „    2,700 
212  „    4,700 
1-26  „    2,800 
0-86  „    1,900 
110  „    2,400 
1-02  „    2,360 
1-71  „    3,600 

212  „    4,700 
2-20  „    4,900 
3-93  fy    8,800 
2-12  „    4,700 

6-62  „  14,600 
8-41  „  19,000 
0-24  „       600 
16-7     ,,35,000 
14-54  „  32,500 
0-65  „    1,260 

sq.  ins. 
0-46 
0-66 
0-37 
0-62 
0-93 
0-72 
0-76 
0-60 

0-373 
6-366 
0-200 
0-378 

0-120 
0-093 
3-446 
0-060 
0-064 

lao 

drcias. 
0-67 

Beech 

0-84 

Box 

0-47 

Fir  

0-79 

Mahofiranv 

1-18 

Oak 

0*92 

Pear-tree 

0-96 

Teak  

0-64 

Brass 

0-476 

Copper  feast)  ...... 

Copper  (wrought)  . . 

Ir<wi  (cast)  

Iron  (wrought),  Eng- 
hah    « . . . 

0-464 
0-266 
0-476 

0-163 

Ditto  (Swedish)  .... 

Lead  (cast) 

Steel  (blister  or  cast) 

Steel  (shear)    

Tin  (cast)    

0-118 
4-390 
0-064 
0069 
1-783 
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EFFECTS  OF  UTTEBNAL  P&ESSUBE  ON  A  SQUARE^ 


Before  we  leave  the  subject  of  tensive  strength,  we  will  discuss  a  case  which  fre- 
quently occurs  in  practice,  and  where  the  cohesive  force  <^  materials  is  employed  in  a 
vessel  to  resist  a  bursting  or  exploding  strain  arising  from  the  pressure  of  a  fluid  within 
^^^^}-jrjrss--ssssr--^^  it*    Were  a  boiler,  pipe,  or  other  veaad 

intended  to  contain  a  fluid  exerting  con- 
siderable pressure^  made  of  any  fonn 
except  circular  in  section,  the  internal 
pressure  would  change  the  form  of  sec- 
tion. Thus  suppose  the  section  were  of 
a  square  form,  as  in  Fig.  58,  the  internal 
pressure  acting  equally  on  every  part  of 
the  casing,  as  marked  by  the  arrows, 
would  bulge  the  flat  sides,  as  indicated 
by  the  dotted  lines ;  and,  finally,  were 
the  material  sufficiently  pliable,  would 
extend  it  into  a  circular  form.  After 
having  attained  a  ciretxlar  section,  no 
fiir^r  change  of  form  would  be  effected, 
and  the  pressure  of  the-  internal  fluid 
might  be  incxieased  until  it  attained  suf- 
cient  magnitude  to  burst  or  rend  asunder 
the  materiaL  Vessels  destined  to  sustain  considerable  internal  pressure  are  generally 
made  circular  in  seetion ;  and  a  few  simple  considerations  will  enablb^  us  to  ascertain 
the  amount  of  strain  which  the  pressure  in  such  vessels-  throws  upon  the  material  of 
the  casing,  and  hence  to  compute  the  strength  of  material  that  should  be  employed  in 
their  construction  in  wder  that  they  may  sustain  a  given  pressure. 

_  A  B 


Fig.  68. 


Let  us  suppose  that  a  steam-boiler  is  of  cylindrical  form  as  in  section  1  (Fig.  59), 
having  pressure  exerted  on  it  equally  on  every  part  of  its  surface,  as  indicated  by  the 
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arrovB.  One  efl^t  of  this  pressure,  if  it  exceeded  the  strength  of  the  material  contain- 
ing it,  would  be  to  rend  it  asunder  at  some  point  A,  section  2 ;  or  it  might  rend  it  at 
two  opposite  points,  B  and  C,  section  3,  so  as  to  force  one  half  of  the  casing  away 
from  the  other.  Now,  if  the  material  were  of  perfectly  uniform  consLstency  and 
strength  throughout,  thero  is  no  reason  why  one  point  A,  or  any  two  points  B  and  C, 
should  be  selected  for  breakage  more  than  any  other  points ;  bat,  as  in  practice  mate- 
rials are  nerer  perfectly  uniform,  so  in  theory  we  may  suppose  the  casing  to  be  some- 
what weaker  at  A,  or  at  B  and  C,  than  elsewhere,  and  trace  the  influence  of  the  pressure 
to  effect  a  breakage  at  sifch  points.  Were  we  to  suppose  the  whole  of  the  yessel  to  be 
filled  up  with  solid  matter,  except  a  thin  film  of  fluid  in  the  middle,  as  shown  in  section. 
4,  exerting  a  pressure  on  every  point  of  the  flat  side  of  the  solid  filling-up  exposed  to  it, 
we  should  involve  no  change  in  the  conditions,  for  the  two  points  of  the  circumference, 
H  and  K,  terminating  the  film  of  fluid,  would  have  to  resist  exactly  the' same  bursting- 
strain  as  if  the  rest  of  the  casing  were  filled  with  fluid  instead  of  solid  matter.  Farther, 
as  this  section  would  apply  at  any  part  of  the  length  of  the  cylinder,  we  may  take  a 
belt  or  portion  of  its  leng^,  one  inch  in  breadth,  and  trace  the  effect  on  it — an  effedt 
which  would  be  repeated  equally  on  every  such  belt  one  inch  wide  throughout  the  whole 
length  of  the  cylinder.  Knowing  the  pressure  which  the  internal  fluid  exerts  on  every 
square  inch  of  the  casing,  we  see  by  section  4  that  the  bursting  pressure  on  a  belt  of 
casing  one  inch  wide  is  to  be  measured  by  the  pressure  on  a  surface  represented  by  the 
line  H  K, — ^that  is,  on  a  surface  having  for  length  the  diameter,  and  one  inch  in  width.  Ii 
this  pressure  burst  the  casing  at  one  point  E,  section  5,  so  as  to  cause  one  half  to  turn 
round  the  opposite  point  L  as  a  fulcrum  or  centre ;  then,  by  the  well-known  principle 
of  the  lever,  that  a  uniform  pressure  acting  at  every  point  of  the  arm  of  a  lever  has  the 
same  effect  to  turn  it  round  its  fulcrum  as  if  it  were  all  collected  into  one  force  acting 
at  the  middle  point  of  the  arm,  we  see  that  the  bursting  pressure  is  equivalent  to  a 
force  acting  at  D  (as  marked  by  the  arrow),  while  the  cohesive  force  of  the  casing  acts 
at  £,  double  the  distance  from  the  fulcrum  L.  Hence  we  conclude  that  the  biursting 
force,  as  resisted  at  one  point  of  ttie  circumference,  is  half  the  pressure  on  the  diameter, 
or  the  pressure  on  half  the  diameter  or  radius.  Again,  if  the  vessel  open  at  two  points 
F  and  G,  section  6,  we  see  that  the  whole  bursting  force,  marked  by  the  central  arrow, 
being  resisted  by  two  equal  forces  at  F  and  G,  each  of  those  forces  need  be  only  half  the 
bursting  force ;  so  that  in  this  case  we  find  that  the  effect  to  open  the  circumference  is 
half  the  pressure  on  the  diameter  as  before.     . 

To  apply  these  considerations  in  practice,  let  us  suppose  that  a  boiler  of  English 
wrought-iron,  6  feet  in  diameter,  has  to  sustain  an  internal  pressure  of  100  lbs.  per  square 
inch,  and  ascertain  the  necessary  thickness  of  the  plate  to  resist  this  force.  Taking  a 
belt  of  it  1  inch  wide, 

Half  thet  diameter,  3  feet  or 


WiOi  a  width  of 

Has  a  surface  of  ... 

Multiplying  by  pressure  per  sq.  in. 


lin. 

36  sq.  ins. 
100  lbs. 

3600  lbs. 


The  pressure  on  half  the  diameter  is 

which  is  the  bursting  strain  on*  any  belt  of  the  circumference  1  inch  wide. 

By  Table  IV.  we  find  that  ^(igUsh  wrought-iron  having  1  sq.  in.  area  of  section,  sus- 
tains 1 8,600  lbs. ;  and  by  a  simple  proportion,  18600  lbs. :  8600  lbs.  : :  1  sq.  in  :  0*2  sq.  in 


Digitized  by  V^OOQlC 


W  THICKiniSS  07  y/^TIBMAL  DOJE^  |(OT  CQN8I3TI7X9  fimUNOTH. 

nearly,  we  find  that  the  sectional  area  of  the  heH  of  ciroHinference  miist  be  0*2  aq.  in. ; 
or  that,  aa  it  ia  1  inch  wide,  its  ^hickn/eaa  must  be  0*2  in.,  or  i^  or  i  of  an  incfaL  In 
justice,  boilera  are  made  of  numerous  plates  rivf  ted  together ;  9(o4-  as  the  material  ia 
cut  away  by  the  rivet-holes,  it  may  be  much  weaker  at  these  places  than  elsewhere.  It 
would,  therefore,  be  advisable  to  make  the  strength  of  tihe  plate  at  least  double  that 
calculated,  which  would  give  a  thickness  of  about  f  of  an  ifuih. 

In  the  case  of  hydrai^ic  presses  which  are  made  of  ^ast-iron,  and  have  to.  svatain  enor- 
moua  pressures,  it  is  necessary  to  make  tiie  material  of  great  thickness.  There  is,  how- 
ever, a  limit  to  the  pressure  which  such  cylinders  can  sustain ;  £ir  it  ia  found  tibat  after  a 
certain  thi^^kness  of  iron  has  been  attained,  the  actual  anb^tanee  of  the  iron  beoomes 
comprcisBed,  so  that  the  inner  surface  is  considerably  e^nded,  while  the  outer  Bur> 
face  austaina  scarcely  any  bursting  force.  Additional  tixieknesa  of  metal  does  not 
therefore  contribute  proportional  increase  of  strengths  Indeed,  ihe  pzaetical  difficulty 
of  casting  thick  masses  of  iron  spo^  and  solid  in  tesEtare,  senders  it  almost  imposaible 
to  construct  hydraulic  presses  of  any  very  great  force.  It  is  doubti[ul  whether,  in  any 
pase,  it  is  advisable  to  exceed  a  thickness  of  6  or  7  inches  when  cast-iron  ia  the  material 
fimployed.  The  same  ren^ks  apply  to  a  oertai^  eactent  in  the  oaae  of  ordnanoe :  but 
in  making  large  guns  at  mortars,  a  considerable  advantage  lesuHs  fix)m  the  process  of 
manufacture.  The  gun  is  cast  solid,  an^aft^wards  the  heart  is  bored  out  Host  of  the 
i;ns9und  and  apongy  portions  of  the  n»eta^  are  thus  removed,  and  die  shell  left  is  macfa. 
founder  than  it  woul^  b^  werp  it  cjist  bp^ow  as  hydraulic  presses  generally  are. 
Vessels  for  containing  fluids  ejceri^pg  pressure,  axe  Mkewi^e  aubject  to  a  bursting  straia 
in  Ihe  directipn  of  their  length,  whicth  is  roasted  by  the  ooheaion  of  the  casing. 
Takjing  the  c^ise  of  the  boiler  6  feet  in  diameter,  and  0*2  in.  thick,  we  may  readily  calcu- 
late what  pressure  it  would  bear  b^ore  it  ga^js  way  in  the  direction  of  its  length.  The 
w)^le  bpi^  may  be  taken  as  a  hollow  or  tvbyilaT  bar  of  wrought-ison,  capable  of  sus- 
taining a  certain  weight  hung  to  it,  equivalent  to  the  pressure  on  one  of  its  circular 
^^  ten^g  Ji9t  force  pr  blow  it  te  a  distano^  txxm  the  other  end. 

.Qstffl>  diinwotgr         .  .        72'^  ins.  X  72'i  =:6a42neaiJy 

i;^r  diameter         .       ,        .       72-«  ins.  X  72-0  =  6164 

Area  of  ring  in  circ.  ins,  68 

Cohedve  strength  of  1  ^irc.  in.  wroiJ^^jirpn  l^j^OO 


Total  strength  of  circumference  846800  lbs. 

As  the  area  of  the  end  is  4072  sq.  ins.,  the  boiler  would  bear  a  pre^si^re  of  nu^  ^^um. 
200  lbs.  per  square  inch,  before  parting  lengthwise.  Indeed,  it  will  be  found  ^at 
when  uniform  thin  material  is  employed,  a  cylindrical  vessel  subjected  to  internal 
fluid-pressure  is  almost  exactly  twice  as  strong  lengthwise  as  it  is  circumferentially. 
When  the  thickness  is>considerable,  this  proportion  does  not  held  -good.    For  mstance : — 

Let  r  =  radii^  t  z=  thickness,  a  z^  cohesive  strength  of  1  square  inch  of  caaingy 
p  :=  pressure  to  burst  at  circumference,  and  P = pressure  to  divide  i^e  casing  lengtliwise. 

When  t  is  small  connpaied  with  r,  the  se^tipn^  f^roa  of  i^jn^ is i)«i|^  Z-w  rt;  and  as 
»  r"  =  area  of  end, 

^r»P=2irrfl|^,V?=;:?^=^3i>k 
It  is  a.fingu]ar  %t^  ih»t  Biany  wetal%  when  dniwx^  into  wire,  Ueome  stmiger  hi 
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respect  of  tenBive  strain.    This  m%j  probably  be  owing  to  the  wire -drawing  procesa 

causing  the  particles  to  arhmge  themselves  in  continuous 

fi|)re9.      From  numerous  experiments  made  on  iron  wire 

less  than  \  inch  in  diameter,  it  appears  that  the  strength  of 

wire  is  about  one-fourth  or  25  per  cent  greater  than  that  of 

iron  bar ;  so  that  while  the  cohesive  strength  of  wrought- 

iron  burs  mi^y  be  taken  at  8  tons  per   square  inch  of 

sectional  area,  that  of  iron  wire  may  be  taken  at  10  tons ; 

OT  taking  bar  at  6  J  tons  per  circular  inch,  wire  will  liave 

a  strength  of  8  tons  per  circular  inch. 

The  following  are  the  rules  for  computing  the  strengtitis 
of  hempen  ropes  and  chains.  The  dimensions  of  the  ropes 
are  stated  in  terms  of  girth  or  circumference,  and  those  of 
the  chains  in  terms  of  the  diameters  of  the  metal  consti- 
tuting the  links.  Thus  the  chain  which  has  a  dimeter 
of  f  inch  at  A  (Fig.  60)  is  called  a  }-inch  chain. 

We  have  formed  the  rules  so  as  to  compute  the  str^inf 
at  a  lower  rate  than  t^ey  are  generally  stated.  It  may  be 
true  that  a  new  chain  or  rope  will  ^)ear  a  much  greater 
strain  than  that  which  we  have  allowed  to  it ;  but  the  chain 
loses  strength  by  use — not  so  much  fron>  w^ar  as  froffi  tl^e 
particles  of  iron  assuming  a  crystalline  instead  of  a 
fibrous  texture ;  and  the  rope  loses  strength  by  wev  as  well  ^9*  W. 

as  by  the  (gradual  decay  of  its  fibres.  It  is  preferal^le,  therefore,  to  ^rr  rather  on  the 
safe  side,  especially  when  it  is  considered  that  great  damage  mikv  often  result  from  the 
breaking  of  a  chain  or  rope,  and,  w^i  yt  0tiU  more  carefully  to  be  guarded  against, 
serious  injury  to  life  and  Hm^. 

1.  To  find  the  diameter  of  a  c|iain  to  p^rry  a  given  weight. 

£t4le. — Multiply  the  weight  (tons)  to  be  carried  by  30 ;  l^e  jporgduct  will  be  the  square 
of  the  diameter  of  the  chain  reckoned  in  16th9  of  an  inch. 

Examp^. — ^Required  the  diameter  of  ^  cl^ain  to  carry  10  tons.  10  X  30  :s  900, 
which  is  near  324,  the  square  of  18 ;  therefore  the  diameter  of  the  chain  must  be  H  uich, 
or  li  inch. 

2.  To  find  the  weight  which  a  chain  of  giv^  diameter  will  carry. 

BuU. — Divide  the  square  of  the  ^i&i^oter  (reckoned  in  lOths  of  an  inch)  by  30 ;  the 
quotient  will  be  the  number  of  tjqnf  carried. 

Espohr^ple. — ^Required  the  strength  of  an  inch  chain :  1  inch  :ip  U  of  an  inch,  and 
16  X  16  :=  256  ;  dividing  bj  30  we  hare  about  8|  ton||^ 

3.  To  find  the  cirpumfereitce  pf  ^  rope  to  carry  a  |piven  weigl^ 

J?t«I«.— Multiply  the  weight  (toijs)  by  IJ;  the  product  wjll  b|P  the  i^j^^  of  jtl^e  |t4Tr 
^^umference  in  inches. 

J^mp^.— Required  the  size  pf  a  rpjpe  to  carry  18  tons :  18  X  ^^  =  ^^^  wW<^  i(i 
near  196  the  square  of  14  inches,  ^e  cirqu^p^^orence  reqi^re^ 

4.  To  find  the  weijg;ht  which  a  ^ven  rope  wiU  cairy, 

J^M/tf— Divide  the  square  of  the  oircw»ferei^ee  i^  W^  \7\\\  tl^e ^HO^eiit  vi^  ^ 
tl^  weight  carried  ip  tpns. 

JEr«M»;?fc.— Required  the  ?tren^  pf  ft  ^<^  pui^i  .4  ><  ^ ::;;  JO,  §#  ^^  ^iTiW 
by  11  j^yes  1^  tons. 
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2.  CompzeMion. — ^The  strength  of  materials  to  resist  oompressiye  strains,  appears 
to  depend  chiefly  upon  some  forces  among  their  particles  acting  in  the  opposite  direc- 
tion to  oohesiye  attraction.  Indeed,  the  particles  of  every  solid  body  appear  to  be 
ranged  in  such  positions  with  respect  to  one  another,  and  so  balanced  by  cohesive  attrac- 
tion keeping  them  together  on  the  one  side,  and  by  some  repulsion  resisting  their 
nearer  approach  on  the  other,  that  considerable  force  is  generally  required  to  alter 
their  relative  positions.  The  intensity  with  which  these  forces  act  in  any  body  appears 
to  be  measured  by  their  hardness  or  strength  to  resist  external  forces.  But  while 
cohesive  attraction  seems  to  follow  a  ample  and  regular  law  in  any  material — ^the  amount 
of  attraction  or  the  strength  to  resist  a  tensive  strain  being  proportional  to  the  sectional 
area,  or,  in  other  words,  to  the  number  of  particles  upon  which  the  attraction  is  exerted — 
experiments  have  as  yet  shown  no  very  regular  law  as  to  strength  of  materials  to  resist 
compression.  Fortunately,  in  practice,  the  oth  er  strains  to  which  materials  are  subjected 
are  generally  so  much  more  likely  to  affect  them  than  mere  compressive  strain,  that 
when  we  make  the  parts  of  our  work  sufficiently  strong  to  resist  the  former,  we  are 
tolerably  safe  in  respect  of  the  latter. 

Some  valuable  experiments  have  been  made  upon  the  strengths  of  building  materials 
— ^wood  and  iron — ^to  resist  compression ;  and  attempts  to  deduce  laws  from  these  experi- 
ments have  not  been  wanting.  We  are  not  aware,  however,  that  any  satisfiEictory 
results  have  attended  those  efforts ;  and  we  fear  that  any  rules  founded  on  our  present 
scanty  information  in  respect  of  this  subject,  would  tend  rallier  to  mislead  thkn  assist 
the  practical  mechanic. 

If  we  suppose  that  a  cubical  piece  of  any  material  (Fig.  61)  is  loaded  by  a  certain 

weight  which  it  is  just  able  to  bear  without 
being  crushed,  we  may  readily  imagine  that  a 
number  of  such  cubes — say  nine,  for  instance — 
would  bear  nine  times  the  weight  which  the  one 
bears ;  and  if  these  cubes  were  arranged  either 
in  a  row  (Fig.  55)  at  intervals,  or  dose  together, 
or  in  a  square,  they  should  still  all  together  bear 
nine  times  the  weight  that  one  of  lliem  can 
bear.  When  the  material  we  deal  with  is  of 
uniform  consistency,  we  are  therefore  warranted 
in  reckoning  that  its  strength  to  resist  com- 
pression, precisely  as  that  to  resist  tension,  ia 
proportional  to  the  area  over  which  the  com- 
pressive force  is  spread.  Thus,  a  block  of  stone 
4  feet  long  and  3  feet  broad,  should  be  able  to  sustain  six  times  the  compressing  force 
which  a  block  2  feet  long  and  1  foot  broad  can  sustain ;  because  4  X  3  =  12,  the  area 
of  the  one,  is  six  times  2  X  1  =  2,  the  area  of  the  other. 

But  if  we  endeavour  to  trace  the  practical  effect  of  crushing  any  material,  we  shall 
find  it  difficult  to  establish  the  truth  of  this  mnple  law,  without  making  great  allow- 
ances for  irregularities  in  the  consistency  of  the  material  and  in  the  application  of  the 
compressive  force.  Some  materials  of  a  soft  consistence,  such  as  clay  or  lead,  on  Tteing^ 
subjected  to  vertical  compression,  merely  spread  out  sideways.  Thus,  a  piece  of  lead 
compressed  by  a  heavy  weight  bulges  in  width,  and  thickness,  to  the  form  marked  by 
the  dotted  lines  (Fig.  62).  Other  materials  of  a  fibrous  texture,  such  as  wood,  become 
splintered  by  compression,  owing  to  some  of  the  fibres  being  driven  or  wedged  into  the 


Fig.  61. 
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mterstlces  between  others,  and  thus  bursting  them  asunder.  Hard  and  brittle  mate* 
rials,  such  as  cast-iron,  glass,  stones,  or  bricks,  are  riyen  and  splintered  in  most  irregular 
and  unexpected  ways,  some  portions  being  actually 
pulverized  in  the  process,  or  cracking  away  and 
occasionally  flying  off  with  considerable  force  from 
the  rest. 

These  results,  However,  occur  when  the  com- 
pressive strain  is  carried  beyond  what  the  material 
is  capable  of  sustaining  without  disintegpration ;  for 
all  practical  purposes,  where  we  make  the  strengtii 
more  than  adequate  to  meet  the  load,  we  may  very 
safely  follow  the  simple  law,  and  reckon  the 
strength  to  be  very  nearly  as  the  area  of  section 
at  the  weakest  part.  This,  however,  only  holds 
good  when  we  pay  no  regard  to  the  height  of  Tig.  92, 

the  mass  pressed  upon.  As  we  increase  the  height  we  must  increase  the  strength, 
for  several  reasons,  which  we  shall  endeavour  to  illustrate.  Suppose  we  take  a  cylin- 
drical piece  of  past-iron  one  inch  in  diameter  and  six  inches  high^  and  placing  it 
upright,  load  it  on  the  end  mitil  it  will  bear  no  more.  As  we  jdace  more  and  more 
weight  upon.it,  the  particles  become  pressed  closer  and  closer  together,  and  the  mass 
yields  or  subsides  a  Uttle  in  the  direction  of  its  length.  After  being  compressed  to  a 
certain  extent,  the  particles  cannot  get  into  closer  contact ;  but  some  of  them  must 
iosinuate  or  wedge  themselves  into  the  interstices  between  others,  and  thus  the  mass 
will  tend  to  bulge  sideways ;  or,  being  of  a  hard  unpliable  consistency,  the  sides  will 
become  fractured,  and  burst  away.  The  mass  thus  weakened  will  finally  all  crumble 
under  the  pressure.  Now  let  us  take  a  cylindrical  piece  of  the  same  material  and  of 
the  same  diameter ;  but,  instead  of  beii^g  six  inches  high,  let  it  be  merely  a  thin  disc 
one-eighth  or  one-sixteenth  of  an  inch  thick.  Here,  although  the  area  of  section 
pressed  upon  be  the  same  as  before,  yet  the  height  being  so  much  less,  the  number  of 
particles  that  can  be  forced  to  one  side  or  the  other  is  much  less,  the  number  of  inter- 
stices to  receive  pressed  particles  is  less,  the  amount  of  bulging 
is  diminished,  and  the  whole  resistance  is  enormously  greater. 
As  an  example  of  the  effect  of  increased  height  in  diminishing 
strength  to  resist  vertical  pressure,  we  may  quote  some  ex- 
periments made  on  pieces  of  cast-iron,  all  having  square  bases 
a  quarter  of  an  inch  each  way,  and  various  heights ;  whence 
it  appears  that  as  the  height  was  increased,  the  strength  to 
resist  compression  was  diminished,  so  much  that  the  force  to 
crush  the  piece  finch  or  1  inch  high  was  little  more  than  two-third3  of  that  required 
to  crush  the  piece  {  inch  high. 

Farther,  when  the  height  is  considerable,  as  in  the  case  of  columns,  a  slight  want  of 
uniformity  in  the  material,  or  a  slight  want  of  equality  in  the  distribution  of  the  load, 
will  cause  one  side  to  be  affected  more  than  the  other,  and  thus  produce  flexure  in  the 
caae  of  ^able  materials,  such  as  wood  or  wrought-iron,  or  oblique  separation  in  the 
case  of  stone.  An  extreme  load  pressing  on  a  column  just  tottering  on  the  verge  of 
rain  will  certainly  find  out  the  weakest  place,  and  there  begin  the  demolition ;  and 
having  once  begun  it,  will  very  rapidly  complete  it.  Thus  a  knot  in  a  wooden  post,  or 
ft  vein  in  a  marble  pillar,  may  become  important  elements  in  determining  the  mode  of 
VOL.  IX.  *" 
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their  fractara,  md  the  ajpaaat  of  o—|iBOirinn  neqawd  t»  iibet  it.  It 
lome  ezperiaKntB  nade  with  Wiooden  oohawn,  that  when  the  h€%lit  is  more  tium 
eight  times  the  diameter,  there  is  censidBvaUs  fiak  «f  liie  eolBsm  bending  imder  an 
exceasiTe  load.  With  timber  of  imilDtm  strangtii,  and  a  load  ireOrbalaneed  vpofn  the 
column,  when  its  height  does  not  SKOsed  this  |Rt>porti«m,  llie  wood  will  genendl^ 
splinter  under  a  crushing  force.  In  c(dumns  of  stone  or  brickwork  destined  to  sustaia 
a  heavj  load,  the  ratio  of  height  to  diameter  maf  be  ineieased  oonslderaUj  aboye  that 
of  eight  times,  without  tiie  danger  of  thsir  faraakisg  by  a  doping  ftBotoFS.  In  such 
cases,  however,  the  eye  seems  instinotiYely  to  judge  ti  ^nportion,  for  a  reay  tall 
slender  colonm  oenyeys  a  notion  of  instability,  and  is  eonsequeBtly  wanting  in  that 
grace  which  depends  mainly  on  the  fitnoai  oi  the  objeot  Hr  the  woxk  it  has  to 
perfonn. 

Cast-izon  is  found  to  be  capable  of  supyoiting  ftTety  consideFaUoTertieal  load  with- 
out flexure  or  crushing;  and  columns  of  this  material  axe  therefore  wiHi  safety  made  of 
tall  and  slender  proportions.  Even  bera.  however,  there  is  a  Emit  beyond  which  the 
eye  becomes  disntisfied;  and  aoomdii^y,  whim  tiie  ooIubhi  is  raquived  to  be  of  con* 
siderable  height,  it  is  generally  made  of  greatw  diameter,  the  inside  being  hollowed  out 
to  save  weight  and  material,  withont  sensibly  aflbctiag  the  strength.  Where,  from 
inequalities  of  the  load,  thete  is  any  risk  of  anequal  pressure  on  the  summit  of  a  oast- 
iron  oolumt),  and  of  consequent  tendency  to  bend,  1^  material  need  in  oonstmeting  the 
column  is  much  more  advantageously  applied  in  the  shell  of  a  hollow  oolumn,  at  in  the 
ribs  of  one  tibe  eeetion  of  which  is  a  aroas,  than  in  one  BoUd.  We  only  adreit  to  this 
now,  as  we  shall  have  an  opportunity  of  Yecming  to  it  when  we  discuss  the  question  of 
transvene  strain. 

Som»  very  valuable  experiments  have  beeoa  made  upon  1^  erushing  of  building 
materials,  such  as  stones  and  bricks.  The  oompiessive  forces  in  most  of  them  have  been 
applied  to  cubical  pieces  of  1  indi  or  2  inches.  In  some  where  the  pieces  had  a  square 
base  1  inch  Woad  and  a  height  of  2  inchea,  the  force  required  to  omsh  has  been,  found 
less  than  two-thirds  of  that  required  lor  the  pieces  only  1  inch  in  height.  Hie  increase 
of  height,  therefore,  considerably  diminishes  the  strength  to  resist  compressive  force. 
In  connection  with  this  subject  it  may  be  interesting  to  inquire  how  high  a  bride 
building  might  be  carried  without  becoming  crushed  by  its  own  weight.  We  may 
suppose  a  massive  brick  pier  or  oolumn  divided  into  numerous  separate  columns  each 
1 J  inch  square  in  section,  and  eiuAi  supported  along  its  whole  height  by  those  around 
it,  against  lateral  pressure  or  flexure.  The  lowest  part  of  each  of  those  columns 
would  thus  have  to  support  the  vertical  weight  of  all  the  oolumn  above  it ;  and  if  that 
weight  exceeded  the  load  required  to  crush  a  brick  cube  of  1|  inch,  the  lowest  part  of 
the  column  would  of  course  give  way.  Now  it  has  been  found  by  experiment  that  the 
load  necessary  to  crush  a  1|  inch  cube  of  brick,  varies  from  1200  lbs.  up  to  3000  lbs., 
according  to  the  different  qualities  of  the  brick.  It  would  perhaxw  be  safest  to  take  the 
lower  number,  1200  lbs.  The  weight  of  1  foot  of  brickwork  having  a  If  inch  square 
base,  is  about  2  lbs. ;  therefore  it  would  require  a  height  of  600  feet  to  crush  the  base. 
An  architect  wishing  to  secure  the  permanence  of  his  building,  would  certainly  not 
venture  to  raise  it  one-third  of  this  height  without  having  recourse  to  the  ordinary 
expedient  of  spreading  the  base  or  foundation  by  extensive  footiags,  so  as  to  diffuse  the 
crushing  pressure  over  a  much  larger  surface  of  material. 

Table  V.  contains  the  average  results  of  experiments  made  on  the  resistance  of 
various  materials  to  crushing  force.    Wo  would,  however,  caution  the  mechanic  against 
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lam       .,••..        iinch        .        •         1300  lh«. 

Axneiicui  pipe 

« 

1600  „ 

White  deal    .... 

n 

1900  „ 

l&igUehoak  .       .       . 

;» 

MOO  „ 

African  oak 

9f 

6000  „ 

Chalk    .        ,        .        .        . 

l|infih 

1100  „ 

Soft  brick      .        ,        .        - 

n 

1200  , 

Bedbrick       .        .        • 

M 

1800  „ 

Haid-bumt  brick  .        • 

» 

3000,, 

Pire-brick 

II              « 

8800,, 

GrindfltDiiA  g^t 

u 

8000,, 

Xl 

10800  „ 

Tork  paving          •       ^ 

»             w 

12800  „ 

White  oiarble 

-»» 

.        18600  „ 

Oomifih  ipwoite 
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14300  „ 

Compact  limestoae 
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Peterhead  granite  (red) 
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Purbeck  granite  (red)     . 
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Hard  freestone 

V 
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White  Italian  marble     . 
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>l 
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Cast  lead        .        . 
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480  „ 

Cast  tin 

M 

960,, 

Wrought  copper    . 

*» 

6400,, 

Cast  copper 

>» 

7800,, 

Wrought  iron 

>l 

8000,, 

Braaa     .... 

V 

10000  „ 

Cast  iron 

» 

10000  „ 

3.  TiaiuiTena  Btnlau— The  effect  of  a  load  cm  the  end  of  a  beam  projecting 
^m  a  v^all,  or  on  the  middle  of  a  beam  supported  at  both  ends,  is  to  throwa  transverse 
strain  on  the  beam ;  and  if  the  load  be  ezcessiTe,  to  break  the  beam  transversely,  or 
across  its  fibres.  Of  aU  questions  respecting  the  strength  of  materials,  this  is  certainly 
the  most  important.  In  arohiteotural  structures,  the  stability  of  roofs,  floors,  and  walls 
supported  on  beams  or  girders;  in  civil  engineezing,  the  safety  of  girder-bridges  and 
ralJs;  in  mechanical  engineering,  the  strength  of  beanu^  levers,  frmning,  and  the 
li]^,— «U  depend  mainly  upon  the  correct  solution  of  questions  relating  to  transverse 
strain.  It  is  to  this  branch  of  Uie  subject,  therefore,  that  the  consideration  of  engineers 
has  been  chiefly  directed ;  and  a  vast  number  of  experiments  have  been  made  with  a 
view  to  ascertain  practical  data  from  which  the  transverse  strength  of  all  useful  materials 
may  be  calculated. 

The  theoretical  investigation  of  transverse  strain  is  by  no  means  a  difficult  one ;  but 
the  application  of  data  in  computation  involves  some  very  complicated  questions,  which 
the  practical  mechanic  generally  solves  more  by  the  eye,  as  he  sees  proportions  in  his 
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drawing  or  model,  thaii  by  any  yery  accurate  calculation.  Such  a  mode  of  meeting  the 
difficulty  implies  experience  and  observation ;  and  without  these  we  fear  no  amount  of 
theoretical  knowledge,  and  no  ezpertness  in  calculation,  will  enable  one  to  decide  on  the 
'  strength  of  his  structure.  In  machinery  especially,  the  strains  to  which  parts  may  be 
subjected  are  so  various  in  magnitude,  owing  to  their  respective  movements,  and  the 
local  qualities  of  materials  differ  so  greatly,  that  the  mere  calculated  strain  and  strength 
offer  very  little  aid  in  guiding  to  the  most  suitable  proportions.  When  the  architect 
determines  on  the  dimensions  of  an  iron  girder  destined  to  carry  a  heavy  wall,  he  can 
calculate  with  tolerable  precision  the  weight  to  be  supported  and  the  strength  of  girder 
required  to  carry  it  without  danger.  The  girder  is  placed,  the  wall  is  built,  and  twenty 
years  after  the  load  is  the  same,  and  the  strength  of  the  girder  but  little  diminished. 

But  when  the  mechanic  makes  a  pattern  of  a  beam  for  a  steam-engine,  although 
he  may  readily  calculate  the  strain  which  the  pressure  of  steam  on  the  piston  throws 
upon  the  beam  while  the  engine  works  steadily,  he  has  little  notion  of  the  sudden 
though  transient  strain  which  may  be  thrown  upon  it  by  the  sudden  stoppage  of  some 
part  of  the  machinery,  or  the  occurrence  of  some  slight  obstacle  to  the  movement.  It 
not  unfrequently  occurs  that  a  Uttle  water  in  the  cylinder  of  a  steam-engine,  causes  the 
fracture  of  some  of  the  strongest  parts.  The  machinery  being  all  in  motion,  the  piston 
descends  upon  a  film  of  water  which  has  no  ready  means  of  escape,  and  which  being 
almost  totally  incompressible,  offers  as  determined  an  obstacle  as  solid  iron  would  do. 
In  such  a  case,  the  momentum  of  all  the  moving  parts  must  be  suddenly  destroyed;  some 
of  the  beams,  rods,  or  levers,  through  which  the  piston  is  connected  with  the  rest  of  the 
engine,  must  give  way ;  or  the  cylinder  itself,  which  holds  tie  water,  must  yield  to  the 
strain,  and  break  imder  it.  That  we  may  form  some  idea  of  what  damage  such  a  strain 
as  we  have  described  may  effect,  we  have  only  to  reckon  that  in  a  large  steam-engine 
there  are  15  or  20  tons  of  iron,  moving  probably  at  an  average  velocity  of  100  feet  per 
minute,  to  be  suddenly  arrested.  In  destroying  the  momentum,  as  much  force  is  expended 
as  would  be  measured  by  the  blow  of  a  68  lb.  cannon-ball  striking  its  mark  at  a  very  near 
range.  Nor  do  these  sudden  and  imexpected  strains  constitute  tiie  only  difficulty  under 
which  the  mechanic  labours  when  he  computes  the  strength  of  his  work.  He  cannot 
always  depend  upon  the  internal  soundness  of  the  material  with  which  he  deals.  Cast- 
iron  is  especially  treacherous  in  this  respect ;  and  often  it  happens  that  a  casting,  exter- 
nally sound,  has  some  sponginess  or  air-bubbles  imder  the  skin,  which  are  discovered 
only  in  the  event  of  fracture.  It  is,  therefore,  his  business  not  only  to  contrive  devices 
for  regulating  the  movements  of  his  machinery,  and  for  affording  relief  in  cases  of  undue 
pressure,  and  to  use  every  precaution  against  unsoundness  in  his  materials ;  but  also  to 
provide  such  strength  as  shall  meet  the  contiiigencies  which  a  slight  derangement 
may  frequently  bring  about.  It  may  be  asked  then,  why,  if  the  mechanic  has  to  apply 
such  excess  of  strength  to  meet  contingencies,  he  should  take  any  trouble  in  calculating 
or  ascertaining  practical  data  from  which  he  may  compute  ?  The  answer  is  plain. 
While  he  makes  every  part  strong  to  excess,  yet  he  has  to  maintain  a  proportionate 
strength  in  all.  To  make  one  part  of  a  beam  strong  enough  to  sustain  ten  times  its 
usual  strain  might  be  very  proper ;  but  to  make  another  part  of  it  capable  of  sustaining 
twenty  times  its  load  would  be  absurd,  for  then  either  the  weaker  part  is  only  half  as 
strong  as  it  should  be,  or  the  stronger  is  twice  as  strong  as  required.  The  mechanic, 
then,  must  have  a  dear  conception  of  how  strains  affect  materials  of  different  forms,  and 
how  far  the  change  of  one  dimension  or  another  may  affect  the  strength,  before  he  can. 
venture  to  design  or  execute  a  machine  justly  proportioned  in  all  its  parte,  and  sufficiently 
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sizong  throughout  to  meet  the  coutingenoies  of  its  action,  without  undue  waite  of 
material  and  labour  in  its  construction. 

The  mOBt  simple  case  of  transverse  strain  is  that  to  which  a  Beam  projecting  from  t^ 
wall  is  subjected  when  a  weight  is  suspended  &om  its  outer  end.  It  is  clear  that  the 
longer  the  beam,  the  greater  the  strain ;  and  that  if  the  beam  give  way  anywhere,  pre- 
suming it  to  be  of  uniform  strength  throughout,  it  will  be  at  a  point'  close  to  the  wall 
where  it  is  fixed,  because  at  that  point  the  weight  acts  with  the  greatest  lererage.  On 
tracing  the  breaking  effect  of  the  weight,  we  see  that*  in  bringing  the  end  of  the  beam 
down  to  the  position  marked  by  the  dotted  lines,  some  action  must  take  place  among 
the  fibres  of  the  material  at  A  B,  where  the  weight  acts  with  greatest  power.    This 
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Fig.  68. 


action  must  be  that  of  iension  among  the  upper  fibres,  and  of  compression  among  the 
lower  ones ;  and  there  must  be  some  point  0  in  the  beam  where  the  extension  and  the 
compression  of  thp  fibres  meet,  and  where  there  is  neither  of  these  actions.  Such  a 
X>oint  marks  the  position  of  what  is.  called  the  neutral  axis;  that  is,  aline  extending 
along  the  beam  horizontally,  and  separating  that  part  of  the  material  which  is  extended 
or  torn  asunder  from  that  part  which  is  compressed  or  squeezed  together.  It  is  mani- 
fest that,  once  the  tearing  asimder  of  the  fibres  commences,  it  must  continue  while  the 
load  continues  to  act,  because  the  number  of  fibres  resisting  it  are  diminished,  and  those 
that  remain  have  therefore  more  load  to  bear. 

What  we  have  to  discover,  however,  is  the  strength  of  the  beam  while  it  is  entire, 
or  how  much  load  W  at  a  certain  distance  from  the  wall  it  will  bear  without  the 
destruction  of  the  fibres.  Supposing  a  horizontal  line  0  D  drawn  through  the  neutrdl 
axis  to  form  the  long  arm  of  a  Bent  lever  of  which  the  fulcrum  is  C,  one  short  arm  0  A, 
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KoW)  inMsn  dci  oM  anin  cf  i 
ieyer  a  nuBi%«tr  ef  equid  forces, 
equally  distributed  oyer  the  aim, 
act  against  a  given  weight  at  the 
other  end  of  the  lever,  the  e£Pect 
of  all  these  forces  is  the  same  as 
if  they  were  aH  collected  into 
One  force  at  the  middle  point  of 
the  arm  on  which  they  act  (Fig. 
64).  This  is  true  whether  the 
lever  be  straight  as  1,  or  bent 
with  one  arm  as  2,  or  bent  with 
two  arms  as  3.  As  a  numerical 
example,  let  us  suppose  that  the 
short  arm  of  1  is  4  feet  long, 
and  at  each  foot  there  hang  4 
weights  A,  B,  C,  D,  each  of 
10  lbs.,  as  marked  by  die  arrows; 
while  the  length  of  the  other 
arm  is  5  feet.  A  weight  of  20  lbs. 
hung  to  the  long^  arm  balances 
the  four  weights  of  10  lbs.  distri- 
Tig.  64.  buted  along  the  riiortei^  because 

A  =  10  lbs.  at  1  foot  leverage  is  balanced  by  2  lbs.  at  5  feet  leverage* 
B  =  10  lbs.  at  2  feet  y,  „  4  „  „ 

C  =  10  lbs.  at  3  feet  n  n  ^  j»  « 

D  =  10  lbs.  at  4  feet  „  „  8  „  „ 

Total  A,  B,  C,  D  distributed  ,        .        .    20  „  „ 

And  20  Iba.  at  6  feet  leverage  would  be  balanced  by  40 lbs.  at  2|  feet;  that  is^  the  total 
of  the  4  weights  A,  B,  0,  P  hung  at  their  middle  point,  as  marked  by  the  dotted  aiiow. 
The  same  law  will  be  feuad  true,  whatever  the  number  of  equally-distributed  weights, 
and  whetiber  the  lever  be  straight  or  bent  Applying  this  to  the  quertion  of  the  beam 
Fig.  63,  let  E  be  the  middle  point  of  AG,  and  F  the  middle  of  BC;  then  the  loadW 
acting  with  leverage  C  D  has  to  resist  Uie  united  tensive  strength  of  the  fibres  along 
0  A  acting  at  the  leverage  0  E,  and  the  united  compressive  strength  of  those  along  G  B 
acting  with  the  leverage  C  F.  Those  resistances  will  necessarily  be  equal  to  one  another, 
because  the  nenlnl  axis  0  is  the  fulcrum,  on  each  aide  of  whieh  they  equalise  them- 
selves ;  and  the  tensive  strength  of  C  A,  multiplied  by  its  leverage  C  E,  is  therafoie 
equal^o  tihe  oom^-esBive  strength  of  C  B  multiplied  by  ihe  leverage  C  F ;  on^  aa  C  A  is 
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double  of  G  E,  and  0  B  double  of  C  F,  and  aa  doubles  of  equal  things  are  themselyes  equal, 
the  tensive  strength  of  0  A  multiplied  by  the  length  0  A  is  equal  to  the  compressiye 
strength  of  0  B  multiplied  by  the  length  0  B ;  and  each  of  those  products  is  equal  to 
the  weight  W  multiplied  by  its  leverage  C  D,  tbe  length  of  the  beam,  because  each  is 
double  df  half  the  effect  of  TT  to  break  the  beam. 

To  slmw  how  this  reasoning  may  be  applied  numerically,  let  us  suppose  tiiat  a  beam 
of  oak  1  inch  thick  and  6  inches  deep,  fixed  in  a  wall  so  as  to  project  10  feet,  is  broken 
by  a  load  hung  at  the  end ;  and  tiiat  while  in  the  act  of  breaking  the  neutral  axis  is 
observed  to  be  2  inches  from  the  under  side,  and  therefore  4  inches  from  the  upper  side 
of  the  beam,  we  may,  from  knowing  the  tensive  strength  of  oak,  estimate  the  weight 
required  to  break  the  beam.  Taking  this  tensive  fbrce  per  square  inch  (or  force  re- 
quired to  tear  asunder  a  square  inch)  at  12,000  lbs.,  we  have  in  the  case  befbre  us 
4  square  inches  having  a  tensive  force  of  4  X  12,000  =  48,000  lbs.  acting  with  leverage 
of  4  inches  againirt  leverage  of  10  feet  or  120  inches ;  and  as  4  inches  ia  the  tHifth  of 
120  inches,  the  weight  at  D  must  be  the  ^^  of  48,000,  vix.  1600  lbs. 

By  such  calculations  as  this  we  could  compute  the  transverse  strength  of  materials, 
from  knowing  tiieir  tensive  strength,  provided  we  knew  the  position  of  the  neutral  axis 
of  fractare.  The  determination  of  this,  however,  is  a  point  of  very  great  difficulty ;  for 
it  must,  in  the  first  place,  depend  upon  the  relative  proportions  of  compressive  and  ten- 
sive strength :  and  as  we  are  much  in  the  dark  as  to  tiie  former,  we  cannot  institute  a 
comparison  between  it  and  the  latter.  In  the  second  place,  no  material  to  which  we 
can  apply  transverse  strain  rerists  completely,  and  then  instantaneously  gives  way.  "While 
we  add  weight  after  weight,  the  extension  of  filH*es  att  one  side  and  the  compression  of 
those  at  the  other  goes  on;  the  beam  bends  orbeeomes  deflected;  greater  uid  greater 
strain  is  thrown  on  the  outer  fibres ;  the  tensive  and  compressive  strength  of  each  varies 
as  it  is  more  and  more  extended  or  compressed ;  the  neutral  axis  changes  its  position ; 
fibres,  whidi  were  during  part  of  l&e  procesa  compressed,  begin  to  be  extended ;  and  the 
condition  of  the  material  at  and  near  the  point  of  fracture  becomes  generally  so  altered 
as  tt  approaches  destruction,  that  we  cannot  cleaiiy  estimate  its  resistance,  even  if  we 
were  possessed  of  the  most  accurate  knowledge  of  its  strength  to  resist  compression  or 
extension.  Owing  to  these  circfmistances>  it  becomes  necessary  to  make  distinct  experi- 
ments on  the  transverse  strength  of  bodies,  and  by  means  of  them  to  establish  certain 
data  which  we  may  apply  in  calculation.  But  while  experiment  and  observation  fiimiah 
liie  data  or  fiicts  on  whicii  to  calculate,  we  must  still  trust  to  reasoning  ibr  our  methods 
Of  applying  these  facts,  and  fortunately  the  reasoning  is  of  a  simple  character. 

As  to  the  neutral  axis  of  fracture,  without  requiring  to  determine  its  position  in  any 
beam,  we  assume  that,  for  beams  of  the  same  material,  it»  distance  from  the  upper  oir 
lower  sides  is  proportional  to  the  depth  of  the  beam.  Thus,  if  in  a  beam  of  ash  8  inches 
deep,  it  is  2  inches  from  the  lower  side  and  4  inches  from  the  upper ;  in  a  beam  of  ash 
12  mches  deep  it  will  be  4  inches  from  the  lower  and  8  inches  from  i^e  upper  side;  in 
one  of  1  inch  deep,  it  will  be  Jrd  of  an  inch  from  the  loww  and  frds  of  aH  inch  from 
,  the  upper ;  and  so  on  in  regular  proportion.  We  can  see  no  reason  why  Ihis  should  not 
be  the  case ;  and,  so  far  as  we  can  trace  the  circumstances  which  determine  the  position 
of  the  neutral  axis,  we  see  every  reason  for  beUeving  that  it  is  so.  This  assumption 
greotiy  simplifies  the  rest  of  our  reasoning ;  for  it  enables  us  to  get  rid  of  all  calculation 
as  to  the  actual  position  of  the  neutral  axis,  and  to  proceed  with  the  oomparison  of 
Wms  as  to  transverse  strength  independently  of  it.  We  will  suppose  that  we  have 
three  beams  of  the  same  mAterial,  idl  of  equal  lengtibs  and  breadths,  but  of  the  following 
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depths :  A  depth  2  inches,  B  depth  4  inches,  0  depth  6  inches,  and  that  we  desire  to 
compare  their  transverse  strengths.  Let  us  assume,  for  the  sake  of  simplicity,  that  the 
neutral  axis  is  midway  in  the  depth ;  then  in  A  we  have  above  the  neutral  axis  a  set  of 
fibres  extending  over  1  inch  in  depth,  and  acting  with  a  leverage  of  1  inch  to  resist  the 
breaking  load.  In  B^we  have  fibres  extending  over  2  inches,  and  therefore  double  the 
number  of  those  acting  in  A,  acting  with  2  inches  leverage  double  the  leverage  of 
those  in  A.  We  see,  then,  that  the  strength  of  B  must  be  twice  2,  that  is  Aimes  the 
strength  of  A.  Again,  in  €  we  h&ve  8  inches  depth  of  fibres  and  a  leven^e  of  8  inches ; 
therefore  C  has  a  strength  of  3  times  3,  or  9  times  that  of  A.  And  so  with  any  other 
depths,  the  strength  beii^g  always  as  the  depth  multiplied  by  itself,  or  as  the  square  of 
the  depth.  If  we  liad  assumed  the  neutral  axis  to  be  in  any  other  position,  such  as  Jrd 
of  the  depth  from  the  lower  side,  we  should  still  have  found  the  same  law  to  obtain;  for 
so  long  as  the  beams  we  are  considering  are  of  the  same  material  and  of  similar  form,  the 
neutral  axis  must  proportionally  divide  their  depth,  and  leave  profKirtional  numbers  of 
fibres  to  act  with  leverage  proportional  also  to  the  depth. 

We,  therefore,  have  established  the  simple  law,  that  in  beams  of  the  same  form, 
length,  breadth,  and  material,. the  transverse  strengths  are  as  the  squares  of  the  depths; 
and  knowing  the  strength  of  a  beam  1  inch  deep,  we  can  estimate  the  strength  due  to 
any  other  depth  by  multiplying  that  of  the  1-inch  beam  twice  by  the  depth  of  the  other 
in  inchas;  that  is,  by  the  square  of  the  depth. 

Example. — An  iron  beam  1  inch  deep  breaks  with  a  load  of  2  tons :  required  the  load 
that  will  break  a  similar  beam  4  inches  deep.  The  square  of  4  is  16,  and  2  X  16  =z  32 
tons,  or  2  tons  X  4  X  4  =  32  tons. 

Now,  let  us  ascertain  what  relation  the  transverse  strengths  of  beams  bear  to  their 
breadths.  Suppose  that  a  beam  1  inch  broad  carried  a  load  of  1  ton,  then  amither 
exactly  like  it  wiU  also  carry  1  ton,  a  third  will  also  carry  1  ton^  and  the  three  placed 
side  by  side  or  united  into  one  beam  3  inches  broad,  will  of  course  carry  3  tons.  Beams, 
then,  of  a  certain  material  of  equal  lengths  and  depths,  have  transverse  strengths  which 
are  proportional  to  their  breadths.;  and  ii'  we  known  the  strength  of  a  beam  1  inch 
broad,  we  compute  that  of  a  beam  having  any  other  breadth,  by  multiplying  the  strength 
due  to  1  inch  of  breadth  by  the  number  of  inches  in  the  given  breads. 

Example. — A  fir  beam  1  inch  broad  carries  10  cwt. :  required  the  load  carried  by  a 
fir  beam  6  inches  broad  of  like  length  and  depth.     10  cwt.  X  ^  i^*  ~  ^^  cwt.,  or  3  tons. 

We  may  now  combine  the  laws  as  to  breadth  and  depth  into  one,  and  thus  compute 
the  transverse  strength  of  a  beam  as  depending  on  both  dimensions.  This  law  is, 
that  ihe  transverse  strengths  of  beams  of  the  same  material  and  similar  in  form,  are  as 
the  breadths  multiplied  by  the  squares  of  their  depths.;  and  if  we  know  the  strength  of 
A  beam  1  inch  broad  and  1  inch  deep,  we  compute  the  strength  of  .a  beam  having 
any  other  breadth  and  depth  by  mtdtiplying  the  strength  of  the  1-inch  beam  by  the 
.breadth  in  inches,  and  twice  by  the  depth  in  inches  of  the  other. 

EoMmpk, — Suppose  a  beam  1  inch  broad  and  1  inch  deep  bears  5  cwt. :  requijred 
the  strength  of  a  beam  4  inches  broad  and  6  inches  deep. 

6  cwt.  X  4  ins.  X  6  X  6  =  720  cwt.  or  36  tons. 

The  strength  of  a  beam  is  irrespective  of  its  length ;  but  the  actual  weight  which  it 
can  carry  depends  upon  the  lengUi,  inasmuch  as  llie  leverage  with  which  the  weight 
acts,  so  as  to  fracture  the  beam,  is  greater,  the  greater  the  length.  A  weight  of  12  Um& 
Ixanging  at  the  end  of  a  beam  1  foot  long,  ia  exactly  equivalent  to  a  weight  of  i6  tons  at 
2  feet  ^stance,  of  4  ions  at  3  feet,  ef  Z  tons  at  4  feet,  of  2  tons  at  .6  feet>  of  1  ton  at  12 
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feet,  of  I  ton  at  24  fiset^aiid  io  on,*— tile  wei^  multiplied  l»7  its  diitwioe  being  always 
a  constant  quantity.  li^  then,  we  know  the  load  which  a  beam  1  foot  long  will  cairy 
at  the  end,  we  estuoiate  the  weight  earned  at  any  other  distance  by  diriding  that 
canried  at  1  foot  by  the  distance  in  feet ;  and  combining  this  element  with  those  of 
breadth  and  depth,  we  have  the  general  rule  embracing  all  the  dimenirinnB  of  a  beam,  to 
multiply  the  weight  carried  by  a  beam  1  inch  broad,  1  inch  deep,  and  1  foot  long,  by  the 
breadth  in  inches,  and  twice  by  the  depth  in  inches,  and  diyide  the  product  by  the 
length  in  feet. 

JSaampU. — ^A  beam  1  inch  square  and  1  foot  long,  carries  6  owt  at  its  end  r  required 
the  load  carried  by  a  beam  4  inches  broad,  6  inches  deep,  and  18  feet  loog. 


5  + 


4X6X6 
18 


=  40  owl  or  2  tons. 


So  far  we  have  discussed  the  strength  of  beams  of  square  or  rectangular  sectioni, 
but  similar  reasoning  will  apply  to  those  of  other  forms.  When  the  section  is  circular, 
the  breadth  being  equal  to  the  depth,  we  haye  to  multiply  the  strength  of  a  cylindrical 
beam  1  inch  diameter  and  1  jfoot  long,  three  times  by  the  diameter  in  inches,  and  diyide 
by  the  length  in  feet. 

Example, — ^A  cylindrical  beam  1  inch  diameter  and   1  foot  long,  bears  3  cwt., 
required  the  load  supported  by  a  cylindrical  beam  4  inches  diameter  and  8  feet  long. 
3cwtX4X4X4^^^ 

O 

When  the  section  is  of  any  other  form,  such  as  the  X  >^P^  i'^"'^  girder  (Fig.  66), 
from  our  ignorance  as  to  the  position  of  the  neutral  axis  of 
fracture,  we  are  at  a  loss  how  to  reckon  the  effdct  of  the  fibres        "*  ^ 

at  different  parts  of  the  section,  and  cannot  therefore  estimate 
the  strength  from  any  data  obtained  by  experiments  upon 
beams  of  square  or  rectangular  section.  But  if  we  know  the 
strength  of  a  beam  of  certain  dimensions,  and  of  the  form  in 
question,  we  may  pretty  nearly  estimate  that  of  a  beam  of  the 
same  kind  whose  dimensions,  as  to  breadth  and  depth  respeo- 
tively^  are  proportionally  greater  or  less.  For  instance,  to 
compare  two  "J"  shaped  beams  of  which  the  dimensions  are 
as  follow : — 

No.  1.— A  =  3  ins.,  B  ==  1  in.,  C  =  4  ins.,  D  =  1  in., 
length  10  feet,  is  found  to  bear  2  tons :  required  the  strength 
ofNo.  ^whereA:=6ins.,B=2ins.,  C=6ins.,  D  =  l^in., 
length  15  feet. 

Strength  of  No.  lis  as    ?  "«•  X  *  X  «  . 


Strength  of  No.  2  is  as 
And  by  the  simple  proportion, 


10 

6  ins.  X  6  X  6 
16 


=  48 


=  14-4. 


Strength  No.  1.       Strength  No.  2.       Tons.       Tons. 

4-8  14-4        : :      2    :     6,  load  carried  by  beam  No.  2. 

In  the  absence,  then,  of  sufficient  knowledge  of  the  effect  of  material  at  different 

parts  of  the  section  in  contributing  to  strength,  for  eyery  different  form  of  section  we 

are  under  the  necessity  of  making  such  experiments  as  shall  fix  data  for  calculation,  to 

be  applied  to  cases  where  the  section  is  similar,  but  the  dimensions  different    A  number 


Digitized  by 


Google 


BTBBiraTH  Of  A  BfiAH  StT^FORTISD  HT  TfiE  GEITTRB. 


of  such  eoLpeniiiciits  kkY9  bem  trlMi  fiDfm  timt  to  time,  s&d  flttom^tft  hAy^^  been  made 
to  Mittley  by  tfaeovetioal  veatoniiig  as  yfwH  a»  by  |u«etieal  ntnlts,  the  betft  Idvm  of  seetion 
to  be  mod;  that  Ib  towy,  the  form  which  giTM  tha  greatest  atrength  yh.^  the  least 
material.  We  are  not  aware,  howsTcr,  that  for  any  material,  ike  mibjeot  hn  been  so 
&c  in^vastigated  ae  to  warrant  vi  in  laying  down  any  abeolute  proportkMi» ;  and  the 
fimn  of  eeotion  mnat  therelbre  be  determined,  in  a  great  mMumie,  by  bakneing  a  number 
«f  ciiteiunatanceB,  and  adopting  aooh  anangements  aa  ahall  CDitU^zie  ihi  resnlte  most 
adyantageously. 

In  a  recant  engineering  work,  a  triumph  of  ddll  and  petaeveratMe  orer  difficulties 
at  first  sight  .^parentiy  inaBnnoimtable-'We  mean  the  Britannia  Tubular  Bridge  acit>fl6 
the  Menai  Straits — an  enormous  amount  of  prdimiDAry  inyestigation  was  conducted 
before  the  form  and  dimensions  of  the  structure  were  finally  determined.  Models  were 
mads  of  all  eon^neniant  fonna,  and  tested  against  eaeh  other :  one  was  found  too  wec^  in. 
one  plaoe,  anothar  too  weak  in  another  place.  Frsih  models  were  made,  with  the  wet^ 
^nrts  strengthened  by  additional  materials,  and  the  mass  of  material  in  strong  parts  re« 
SKrred:  the  most  auitaUe  and  oonYement  form  was  thus  decided.  A  mnch  larger  model 
was  made  and  tested  as  to  defiection  and  fracture ;  and  after  a  large  comparison  of  rMults, 
th^s  actual  dimensioUs  and  details  of  oonstmotion  of  the  fiill-sixed  struoture  were  deter- 
mined, and  carried  out  wUih  raeritad  suooess. 

Hitherto  we  have  referred  only  to  the  circumstance  of  a  beam  projecting  and  loaded 
at  one  end.  This,  however,  is  by  no  means  the  most  ordinary  condition  imder  which, 
materials  are  catposed  to  transverse  strsin.  Beams  are  usually  sopported  at  both  ends, 
and  carry  their  load  in  the  middle.  We  have,  theiefore,  now  to  ascertain  what  relation, 
exists  between  the  strengtJi  of  such  a  beam  and  that  of  a  beam  projecling  and  loaded  at 
one  end.  If  we  suppose  a  beam  built  into  a  wall  and  projeetnig  equally  on  both  sides 
(Fig.  66),  each  end  being  loaded  with  an  equal  weight,  It  is  dear  that  the  wall  supporUa 

double  the  weight  sua- 
p«ided  at  each  end. 
Now,  if  we  conceive  th^ 
I  ferees  acting  on  such  si 
-J  beam  inverted  or  famed, 
upside  down,  we  estab- 
lish the  conditions  of  a 
beam  supported  at  both. 
ends,  and  loaded  in  tiie 
ndddifl  (Fig.  67)  with 
double  the  weight  whicli 
oath  of  the  end  supx>ort8 
has  to  bear.  Now,  if^ 
in  the  first  case,  where 
^-  *^»  the  beam  |«ojected  both, 

ways  from  the  wall,  each  end  were  loaded  with  "the  weight  capable  of  breaking  the 
beam,  that  is  up  to  its  transverse  strength;  in  the  second  case,  the  beam,  which 
is  twice  the  lenglli  of  each  projecting  arm  of  the  first,  may  be  loaded  with  double 
the  weight  which  hung  from  each  end  of  the  first,  and  this  weight  will  measure  its 
transvene  strength.  We,  thewfore,  some  to  the  condusion  that  the  transverse  strength 
of  a  beam,  supported  at  both  ends  and  leaded  in  tiie  midcSe,  is  double  that  of  a  beam 
half  the  lengtih  at  one  end  and  loaded  at  the  other.    We  have  aSready  shown  that  if  wo 
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double  the  ieagfk  of  a  projtedSngf  bMtm,  ife  can  load  it  nrfOi  only  hidf  the  ireight ;  there- 

hwy  if  each  pi^ecting  am  of  l&e  beam  wete  made  eqtal  In  leitgdi  to  the  beam  $(ap* 

ported  at  both 

endfli  the  fbittter 

would  bear  on- 
ly   oaeofeudh 

of  the  weight 

which  thelatter 

can  bear.    For 

equal    lengths, 

therefore,     the 

strength  of  the  ^ 

beam  supported  f^g-  9l. 

at  both  ends  and  loaded  in  iSie  middle,  is  just  four  times  ^tX  of  the  beam  ftted  at  oue 

end  and  h>ad6d  at  the  other ;  or,  conversely ^  the  sb^ength  of  the  beam  projecting  Is  only 

one-'fimrA  of  that  of  the  beam  supported  at  both  ends.    Srperfanents  upon  transrerse 

strain  have  been  generally  made  upon  beams  supported  on  both  ends ;  and  tables  of 

praetiea!  data  founded  on  these  experiments  hare  been  fbrmed.    Such  tables  generally 

contain  the  transrersd  strength  of  beams,  ha'^g  square  and  also  cfrcular  sections  one 

inch  in  diameter,  and  haying  a  length  of  one  fbot  between  the  supports,  -their  load  being 

snppcaed  to  be  placed  in  the  middle  of  their  length.    When  the  load  is  placed  out  of 

Hie  ttdddle  it  may  be  increased,  because  its  leverage  to  break  the  beam  ie  diminished  the 

fia^et  it  is  fircmi  the  middle  point. 

The  mode  of  reckoning  this  diminution  of  strain  may  be  best  illustrated  by  an 

example.     Suppose  we  found  that  a  beam  10  feet  long  bore  42  cwt  at  its  middle  point, 

and  desired  to  aeeeitaia  how  much  it  would  bear  suspended  2  feet  from  the  middle — ^that 

•7 ■■.■j(h..a — »    is,  7  feet  from  one  end  and  3  feet  from,  llie  other  (Fig. 

1  68) — ^we  should  proceed  as  follows : — Square  half  the 
I  j^  length  of  the  beam,  or  multiply  6  by  itaeU^  giving  26, 
I  and  this  by  42  cwt.,  the  load  sustained  at  tiie  middle, 

Y  prodnet  1050;  bow  multiply  7  by  8  (the  two  portions 

IU(*  ^  into  which  the  beam  is  divided),  product  21,  and  divide 

Ae  f<if«ier  pireduet  1000  by  this,  giving  a  quotient  60  cwl,  the  load  which  the  beam 

would  carry  %  i&A  from  Ihe  centre. 

Hie  simple  principle  of  this  eomputation  is,  that  the  load  hung  from  «iy  point  of  a 

bettnistotiMloild  whidh  maybe  hung 

from  tXLf  other,  as  the  product  ni  the 

two  ItmgUM  into  whlA  the  second  p<MBt 

divides  the  beam  is  to  the  product  of  the 

^wo  lengtlM  into  whidi  the  first  point  di> 

Tides  it.  Thus,  in  the  ease  we  have  givmi 

above,  knowing  that  the  beam  bears  42 

cwt.  at  the  middle,  or  ifhen  it  is  divided 

into  trwo  lengths  each  6  feet,  we  say 
rx8=s21:6X^^26::42:60. 
It  frequently  happens  that  beams  have 

lo  baar  a  load  not  hu&g  at  any  one  point, 

bat  distributed  unifbrmly  over  Iheir  lengA ;  as  in  i3b»  case  of  roofii,  flooirs,  mid  girder- 
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Fig.  09. 
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biidges.  Here  it  may  be  readily  seen  that  the  strain  is  only  half  that  which  it  wouia 
be  if  the  whole  load  were  collected  at  the  middle.  If  we  suppose  a  beam  projecting  6 
feet  from  a  wall,  loaded  at  intervals  of  a  foot  by  weights  each  10  cwt.  (Fig.  69),  then^ 
b/the  principle  of  the  lever,  the  effect  of  each  of  the  weights  to  break  the  beam  at  A. 
may  be  reckoned  as  follows : — 

B  =  10  cwt.  acting  at  1  foot  from  A  has  the  e£foct  of  10  cwt.  at  1  foot  leverage. 
0  =  10        „        „       2  „  „  20      „      1 

D=10        „        „       3  „  „  30      „      1  „ 

E  =  10        „        „       4  „  „  40      „      1 

F  =  10        „        „       6  „  50      „       1 

Total  50  cwt.  distributed  equally.  150  cwt.  at  1  foot  leverage. 

Or,  as  150  cwt.  at  1  foot  leverage  are  equivalent  to  50  cwt.  at  3  feet,  we  find  that  the 
total  strain  Is  the  same  as  if  the  total  weight  were  collected  at  D,  the  middle  point. 
Were  we  to  assume  a  greater  number  of  weights  at  smaller  intervals,  we  should  still  find 
the  same  result ;  and  the  more  numerous  the  weights  and  smaller  the  intervals  we  assume 
the  more  nearly  do  we  approach  to  the  case  of  a  beam  uniformly  loaded  over  its  whole 
length ;  whence  we  conclude  that  the  effect  of  the  distributed  load  is  the  same  as  if  it 
were  collected  at  the  middle  of  the  beam,  and  therefore  just  half  of  what  it  would  be  if 
himg  at  the  end.     Or  conversely,  if  the  beam  bears  a  certain  load  at  its  extreme  end, 

it  will  bear  double  that 
weight  distributed  over  its 
whole  length.  The  same 
law  applies  in  the  case  of 
a  beam  supported  at  both, 
ends  and  loaded  uniformly 
throughout  its  length ;  tlie 
strain  of  the  load  is  re- 
duced to  half  what  it  would 
be  if  collected  at  the  cen- 
tre;  or  the  beam  wiU  bear 
twice  as  much  distributed 
weight  as  it  can  bear  at  its 
middle  point. 

When  a  beam  is  not 
merely  supported  at  each. 
end,  but  fixed  firmly  ther«, 
its  strength  is  increased  hy 
one-half.  It  would  appear 
at  first  sight,  that  by  fi^. 
ing  the  ends  of  a  beam  we 
should  double  its  strengtli, 
for  the  following  reasons  : 
when  the  beam  is  merely 
supported,  an  extreme  load 
in  the  middle  has  only  to 
effect  one  fracture  at  A, 
But  when  the  ends  are  fixed,  th.e 
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load  has  not  only  to  break  the  beam  at  the  middle  point  Dy  but  also  at  £  and  F ;  and  to 
do  this  it  mnst  be  double  what  it  would  be  if  the  ends  were  free,  as  may  be  very  simply 
computed  thus.  Suppose,  in  the  first  case,  it  required  12  cwt.  to  effect  the  single  frac- 
ture at  A,  then  in  the  second  it  would  require  likewise  12  cwt.  in  the  middle  to  effect 
the  friuiture  at  D,  and  6  cwt.  in  the  middle  to  effect  each  of  the  fractures  at  B  and  F ; 
making  a  total  of  24  cwt.  in  the  case  of  the  beam  with  fixed  ends. 

Many  writers  have  taken  this  view,  neglecting  a  circumstance  which  must  in  such 
cases  occur,  and  which  greatly  modifies  the  distribution  of  strain  on  the  middle  and  end. 
A  single  glance  at  the  figure  shows  that  the  amount  of  tension  and  compression  on  the 
fibres  at  the  middle  fracture  must  be  double  that  at  either  of  the  end  fractures ;  and 
hence  each  half  of  the  weight  required  to  produce  either  of  the  end  fractures,  or  the 
total  weight  due  to  the  middle  fracture,  must  be  4  times  either  of  those  due  to  the  end 
fractures.  If  then  we  supposed  the  total  breaking- weight  divided  into  6  equal  parts,  4 
of  those  parts  would  act  to  break  the  beam  in  the  middle,  and  2  to  break  it  at  the  ends. 
But  the  4  parts  required  to  effect  the  middle  fracture  must  make  up  the  breaking- weight 
due  to  a  beam  merely  supported  without  being  fixed  at  the  ends ;  and  the  other  2  parts — 
that  is,  half  as  much  more — ^make  up  the  additional  weight  required  when  the  ends  are 
fixed.  Taking  the  numerical  example  as  before,  if  it  required  12  cwt.  to  effect  the  single 
fracture  at  A,  it  would  require  as  much  to  break  the  beam  at  D,  and  one-fourth,  oi*3  cwt., 
to  break  it  at  each  of  the  points  E  and  F,  making  a  total  of  18  cwt.,  which  is  the  simi  of 
12  and  6,  the  ordinary  breaking-weight  increased  by  its  half. 

As  this  principle  of  computation  accords  better  with  experiment  than  the  former,  it 
is  important  that  its  demonstration  should  be  dear,  inasmuch  as  nimierous  theorists 
have  adhered  to  the  principle,  that  by  fixing  the  ends  of  a  beam  its  strength  is  doubled. 
According  to  them,  the  circumstances  correspond  with  those  of  a-  beam  (Fig.  71)  resting 
on  supports  A  and  B,  and  projecting  each  way  one  half  of  its  length  beyond.    A  load 

of  1  at  each  end,   A C B^ 

balanced   by    two 
loads,   each   1,  in 
the  middle,  throws  >l< 
^  breaking  strain  of  ^ 
2  upon  the  beam  at 
each  prop ;  and  an 
additional  load  of 
2  in  the  middle  will 
measure  the  break- 
ing strain  there,  so 
that  the  total  mid- 
dle load  is  4,   or  V 
doublethe  ordinary                                                  ^-  71. 

breaking  strain.  This  is  no  doubt  true,  because  if  we  suppose  the  fracture  effected,  the 
amount  of  compression  and  extension  of  the  fibres  at  each  of  the  points  A,  C,  and  B  is 
the  same ;  and  therefore  each  fracture  requires  the  same  load  to  effect  it.  But  in  the 
case  of  the  beam  with  ends  not  balanced  but  fixed,  as  we  haye  already  explained,  the 
end  fractures  demand  only  half  the  amount  of  extension  and  compression  due  to  the 
middle  fracture. 

When  a  load  acts  on  a  beam  not  perpendicularly  or  square  to  its  length,  but  at  some 
other  angle,  it  throws  less  strain  upon  it,  because  the  actual  leverage  of  the  weight  is  not 
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the  kngth  of  the  beam  ••  meawMd  firun  1.  to  B  (Fig.  72),  but  iim  Ungtiii  of  a  ]in« 
BWM ved  firooi  A  to  C  pcipipdifularly  to  the  vertiQal  Im  in  vhi<dL  tiie  weigjit  acti. 

So  when  a  botm  is  i^poited  at  botk  endi, 
bat  lies  oblifuely,  tbe  trao^roao  xtteagtb  ii 
to  bo  re4^oiMKl  at  UMit  due  to  a  boom  ol  tbi 
length  indicated  by  tbe  beiaxontal  line  D  X 
(Fig.  73)  measinred  betvreen  the  aupparti. 

Hithisrto,  finr  the  eaJke  ot  eimpUdty,  ¥« 
ham  diecDioed  the  ^ueetion  of  truitvene 
atrain  as  afipUed  to  nuitenaJa  perfectly  »• 
flexible,  such  ae'bceak  but  canapt  bend.  Wt 
have,  hov^eyer,  no  pzaetieal  expeneooe  of 
material*  of  thia  charact^gj  although  stoneii 
aUtea,  ov  eren  cast-iron,   approach  i^ 
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neaxly  to  it    Timber  beam«f  nod  thorn  made  of  vroughtmn,  bend  conwderably  leSm 

they  become  fraotwod 

by  tranevene  ateaini 

and  as  in  suck  beam* 

deflection  fioom  their 

straight  or  hovixontal 

condition  may  be  in- 

oonyenient  and  iinfvi(t* 

able,  it  becomea  im^ 

portent  to  estimate  the 

amount  of  deflection 

which  they  will  exhibit 

under  certain  loada,  so 

that    they   be    made 

slightly  curred  in  the  .  Wr.  7». 

opposite  direction  before  the  load  is  placed  upon  them.    If  it  were  found,  for  instance,  thai 

a  beam  loaded  with  a  certain  weight  deflected  so  far  from  the  straight  line  that  its 

middle  point  B  (Fig.  74)  sunk  a  certain  distance — say  6  inches — ^below  the  horizontal 

line ;  then  if  the  beam,  instead  of  being  made  straight,  were  made  somewhat  arched,  or 

ecmbered,  as  it  is  technically  called,  the  load  being  placed  upon  it  would  still  deflect  it, 

and  thus  bring  its  surface  to  a  horizontal  line,  if  the  camber  or  amount  of  arching  0  D 

were  properly  estimated. 

The  complete  inyestigation  of  the  question  of  deflection  would  involve  us  in  mathe- 
matical reasoning  of  rather  a  complex  character,  which  would  scarcely  be  in  place  here ; 
and,  indeed,  practical  results  as  to  deflection  present  so  many  irregularities,  and  so 
many  deviations  from  any  apparent  law,  that  it  is  questionable  whether  theory  would 
prove  a  very  safe  guide.  Some  writers  on  this  subject  have  determined  theoretiooUy, 
that  the  amount  of  deflection  of  a  beam  of  certain  length  increases  in  the  same  propor- 
tion as  the  load,  and  that  the  deflection  under  a  certain  weight  varies  as  the  square  of 
the  length.  If  this  law  were  true,  a  beam  20  feet  long  with  a  certain  weight  on  it 
would  be  deflected  four  times  as  far  as  one  10  feet  long,  because  the  one  has  twice  the 
length  of  the  other,  and  the  square  of  2,  or  2  multiplied  into  itself,  is  4.  This  law,  bov- 
ever,  has  not  by  any  means  been  found  to  be  true  in  practice.  More  accurate  investi- 
gators have  furnished  a  law  which,  while  it  appears  to  be  theoretically  correct,  presents 


Digitized  by 


Google" 


ULW  OV  OaFUGnON. 


267 


remiltt  yary  nearly  Mootding  with  tiioM  of  ncpenmiuit,  Tim  law  n,  tliat  fha  duftfwtiim 
of  a  beam  (having  a  reotangvlar  aeotion)  variaa  diveetlj  af  the  weight  aad  ae  the  onba 
of  the  length  (er  the  length  auiltlplied  S  tiaei  into  itself),  and  inTenely  as  1^  hnadtili 
and  the  cube  of  the  depth.  ^^^  ^^^ 


I^  then,  we  knewthe  de- 
fteetion  of  a  ewtain  beam, 
we  might  eatiBiate  that  of 
anotiier  of  the  same  ma- 
terial, but  yarying  in  all 
its  dimensions.  Suppoee, 
for  example,  that  a  fir 
batten  1  inch  broad  and 

2  indies  deep,  with  a  load 
of  1  cwt.,  deflected  iVth 
of  an  inch  in  a  length  of 

3  feet,  and  we  desired  to 
know  the  deflection  of  a 
fir  beam  3  inches  broad, 
10  inches  deep,  and  15fbet 
long,  nnder  a  weight  of 
1  ton,  or  26  cwt  In  the 
case  of  the  batten,  which 
is  2  inches  deep,  since 
2X2X2  =  8,  the  de- 
flection  is  only  {th  of 
what  it  would  be  were  the 
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Fig.  74. 


depth  1  inch,  because  it  is  inversely  as  the  cube  of  the  depth.    The  deflection,  then,  of 

a  batten  1  inch  deep,  under  a  load  of  1  cwt.,  would  be  8  X  lAr  =  i  uach,  the  length 

being  3  ftet     Further,  the  cube  of  3,  or  3  X  3  X  3,  is  27 ;  and  were  the  batten  only 

1  foot  long  instead  of  3  feet,  the  deflection  would  be  ^th ;  the  deflection  then  of  a  batten 

1  inch  broad,  1  inch  deep,  and  1  foot  long,  would  be  ^th  of  }  an  inch,  or  t^th  of  an 

inch,  with  a  load  of  1  cwt    Having  thus  got  an  estimate  for  a  beam  with  all  the 

dimensions  reduced  to  unity,  we  can  apply  it  to  the  beam,  according  to  the  law  we  have 

stated.     This  law  is  arithmetically  applied  by  multiplying  the  deflection  found  above, 

i^th  of  an  inch,  by  the  weight  20  cwt.,  by  the  cube  of  the  length  15  feet  (or  3  times 

by  15  feet),  and  dividing  the  product  by  l^e  breadth  3  inches ;  and  the  cube  of  the 

^    *!.  iA  •    V           *i.    A  4i    ^       •    tWiin.  X  20  X  15  X  15  X  16        ...       . 
depth  10  inches  or  the  deflection  is  «  ^y  \t\  ^  in  ^  m\ =  Aths  of  an 

«  X  *W  X  AU  X  Av 

iach,  or  nearly  ^  an  inch. 

As  to  the  deflection  of  beams  of  various  forms  and  materials,  and  subjected  to 
stnuns  under  various  conditions,  although  numerous  experiments  have  been  made,  yet 
they  have  been  conducted  with  too  little  reference  to  each  other  for  us  to  develop  any 
law  of  general  application.  In  Barlow's  Treatise  on  the  Strength  of  Materials,  the 
question  of  the  deflection  of  wrought-iron,  as  appUed  in  the  oonstniotion  of  rails,  is 
treated  at  considerable  length ;  but  the  conditions  of  strength  in  malleable  iron  must 
differ  very  considerably  from  those  in  other  materials,  because  their  comparative 
tensive  and  compressive  strengths  differ  very  widely.  To  show  how  cautious  we  ought 
to  be  in  applying  to  any  particular  material  the  lesults  deduced  firom  experiments  on 
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other  materials,  we  may  mstance  the  peculiar  difterence  between  cast  and  wrought-iron 
in  respect  of  tensiye  and  compressive  strength.  The  direct  cohesiye  strength  of  wrought- 
iron  is  about  3  times  that  of  cast-iron ;  or,  to  bear  a  certain  tensive  strain,  the  area  of 
section  in  cast  should  be  about  3  times  that  of  wrought-iron.  As  to  compressive  strain, 
on  the  other  hand,  although  it  may  be  true  that  wrought-iron  will  sustain  much  greater 
compression  than  cast-iron  before  it  becomes  entirely  crushed  and  disintegrated,  yet  the 
greater  softness  of  the  wrought-iron  permits  it  to  yield  under  pressure,  and  to  become 
compressed  to  a  considerable  extent ;  while  cast-iron  scarcely  yields  perceptibly  until 
it  entirely  gives  way. 

Now,  if  we  apply  these  considerations  to  a  beam  subjected  to  a  transverse  strain,  a» 
when  it  is  supiK)rted  at  both  ends  and  loaded  in  the  middle,  we  see  that  at  the  middle 
of  the  beam,  just  before  fracture  takes  place,  there  must  be  a  portion  of  the  material 
above  the  neutral  axis  compressed,  and  a  portion  below  it  extended  by  the  action  of  the 
load.  If  the  resistance  of  the  material  to  extension  and  to  compression  under  those 
conditions  be  equal,  the  neutral  axis  would  be  in  the  middle  of  the  beam ;  and  its- 
resistance  to  fracture  would  then  be  the  greatest  possible,  because  the  total  leverage  of 
the  compressed  and  extended  portions  on  each  side  of  it  would  be  greater  when  it  is  in 
the  middle  than  when  it  is  elsewhere.  But  if  it  happened  that  the  material  was  more 
easily  compressed  than  extended,  it  would  be  nearer  the  lower  side ;  while  if  it  -were 
more  easily  fractured  by  extension  than  compression,  it  would  be  nearer  the  upper  side. 
Desiring,  however,  in  either  case  to  secure  the  advantage  of  having  it  in  the  middle, 
and  thereby  giving  both  the  compressed  and  the  extended  portions  the  greatest  possible 
leverage,  w^  should,  somewhat  alter  the  form  of  transverse  section,  so  as  to  increase  the 
area  of  the  weaker  part,  or  add  to  it  some  fibres,  diminishing  the  area  of  the  stronger, 

and  upon  the  yvhole 
not  altering  thequan- 
tity  of  material  or 
total  area  of  sectioii, 
but  only  modifying 
it  in  such  a  way  as 
to  bring  the  neutral 
axis  to  the  middle  of 
the  depth.  In  a  rec- 
tangularbeamof  mal- 
leable iron  C  (Fig. 
^^*  ^*'  75),  the  neutral  axis 

is  below  the  middle  of  the  depth,  because  the  upper  portion  yields  more  readily  to  com- 
pression  than  the  lower  to  extension.  In  a  beam  of  cast-iron  B  the  neutral  axis  is 
above  the  middle,  because  the  upper  portion  resists  compression  more  than  the  lower 
resists  extension.  To  bring  the  neutral  axis  to  the  middle  in  both,  we  should  for  mal- 
leable iron  remove  portions  of  thickness  from  the  lower  edge,  and  add  them  to  the 
upper,  as  in  A ;  for  cast-iron  we  should  take  from  the  upper  and  add  to  the  lower,  as 
in  D.  We  thus  find  that  the  modification  of  form  requisite  for  increasing  the  trans- 
verse strength  of  cast-iron  of  certain  depth,  without  adding  to  the  mass  of  material,  is 
exactly  the  opposite  of  that  suited  to  malleable  iron.  The  usual  section  of  cast-iron 
girders,  supported  at  both  ends  and  loaded  in  the  middle,  is  the  inverted  T,  swelled  a 
little  at  the  upper  edge  (Fig.  76).  The  dimensions  of  a  girder  one  foot  deep  are  nearly 
those  marked  in  the  diagram.    This  may  not  be  precisely  the  best  form  for  combining 
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the  greatest  strength  with  economy  of  materials,  but  it  approachea  it ;  anjd,  besides,  it 

possesses  practical  advantages  which  deserve  coiwideration.    The  flange,  or  increased 

width  at  lie  lower  side,  not  only  affords  the  additional  strength 

required  there  in  order  to  meet  ^e  tensive  strain,  but  presents  a 

projecting  ledge  for  receiving  the  beams  or  arches  which  the 

girder  may  have  to  bear«    The  increased  thickness  at  the  upper 

side  not  only  provides  additional  material  to  resist  compressive 

strain  at  the  greatest  possible  distance  from  the  neutral  axis,  but 

server  to  stiffen  the  girder  so  as  to  prevent  it  from  bending  or 

budding  sideways,  either  from  contraction  in  cooling  from  its 

molten  state,  or  from  excessive  strain  in  its  place.    The  thick- 
ness of  the  metal  in  the  middle  part  and  in  the  lower  flange  is 

made  as  nearly  e<|ual  as  possible,  because  it  is  found  practically 

that,   in  making  iron  castings,  uneq^ual   thicknesses  of  metal 

cause  une(][ual  contractions  or  shnnkings  in  the  metal  as  it 

eools,  and  thus  tend  to  distort  the  wiork. 

The  best  form  of  section  for  malleable- iron  rails  is  nearly  the 

opposite  of  that  for  cast-iron  girders,  a  "f  not  inverted  (Fig.  77). 

As,  however,  the  upper  part  of  the  rail  gets  worn  and  imeven  by  the  friction  of  the 

traffic,  it  is  sometimes  thought  desirable  to  have  the 
opportunity  of  inverting  it,  and  thereby  wearing 
both  the  upper  and  lower  sides  before  the  rail  is 
rejected  as  worn  out.  The  ae^tlon  is  therefore 
made  symmetrical  above  and  below,  as  well  as  on 
both  sides  (Fig.  78). 

As  we  have  shown  above,  the  strength  of  any 
beam  to  resist  transverse  strain    increases  very 
greatly  as  the  depth  is  increased.    It  is  therefore 
of  great  importance  in  all  cases  of  transverse  strain 
Kg.  77.  Kg.  78.  to  give  as  much  depth  as  possible.    This  is  often 

eflfected  not  by  increasing  the  total  depth  of  the  material,  and  thus  adding  greatly  to  its 

weight,  but  by  introducing  ribs  oc  flanges,  and  thus  dispersing  a  given  quantity  of 

material  in  a  better  form.    If,  for  instance,  we  had  to  provide  a  square  cast-iron  plate 

of  sufficient  strength  to  resist  a  great  weight  pressing  on  its  middle  (Fig.  79),  while  it 

Is  supported  on  two  piers 

At  the  sides :  instead  of 

making  the  plate  of  solid 

iron,  sufficiently  thick  to 

sustain   the    strain,  we 

flhould    probably    make 

the  upper   part  a  thin 

flat  plate  (Fig.  80);  and 

round  the  edges,  as  well 

as  across  the  diagonals, 

provide  projecting  ribs  of  the  greatest  depth  in  the  middle  (Fig,  81)  ;  and  thus  attain 

sufficient  strength  and  stiffiiess,  while  we  should  save  a  considerable  quantity  of  ma- 

teriaL    This  mode  of  attaining   strength  is  particularly  useful  with  such  a  material 

as  cast-iron ;  for  when  it  is  formed  in  thick  masses,  the  cooling  of  the  outer  crust,  while 
VOL,  D^  V  


Fig.  79. 
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Fig.  80. 


the  inner  part  of  the  mass  remains  fluid,  sets  or  fixes  the  outside,  and  the  subsequent 
contraction  of  the  inside  causes  a  sponginess  or  looseness  of  texture  which  greatly 

diminishes  strength.  It 
is,  therefore,  of  the  ut- 
most importance  to  attain 
the  required  strength 
without  great  thickness, 
as  well  for  the  sake  of 
securing  solidity  and 
firmness  of  material,  as 
for  avoiding  air-bubbles 
and  flaws,  which  are  apt 
to  occur  in  thick  castings ;  and  which  if  they  do  occur  in  thin  castings  do  not  take  so 
much  from  the  strength,  or,  at  all  events,  are  PLAN, 

more  likely  to  be  visible  and  can  be  allowed  for. 
In  malleable-i]K)n  bars,  when  they  ate  required  for 
strength  and  stiffiiess,  the  ~p  form  is  usually  em 
ployed.  In  plates,  corrugating  or  -wrinkling  adds 
greatly  to  the  stifl&icss,  because  it  provides  depth 
of  material  transversely. 

The  question  of  how  to  dispose  material  in 
order  to  secure  the  greatest  strength  with  the  least 
weight  and  cost,  is  indeed  the  main  subject  of  me- 
chanical contrivance  as  to  form.  We  have  already 
instanced  the  contrivance  of  the  Britannia  Tubular 
Bridge  as  an  example  of  skill  in  device  going  hand-in-hand  with  experiment  Were 
the  material  employed  in  one  of  the  great  tube&  of  this  bridge  all  compressed  into  one 
solid  bar,  having  a  section  of  dimensions  proportional  to  those  of  the  tube,  we  question  if 
it  could  support  its  own  weight  without  breaking,  even  if  the  span  were  reduced  to  half 
that  of  the  tabe ;  while  with  one-fourth  of  the  span  the  deflection,  from  its  own  weight, 
trould  be  enormous  (Fig.  82).     In  this  tube  the  material  is  dis- 
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posed  in  such  a  manner  as  to  attain  the  greatest  strength  with  the 
least  weight,  and  the  most  suitable  form  for  the  purposes  of  the 
traffic.  The  additional  material  required  in  the  upper  part  of 
Ae  section  (as  in  the  case  of  other  wrought-iron  girders),  is  ar- 
ranged in  the  sides  of  cells  or  subsidiary  tubes ;  and  due  regard 
has  been  paid  to  the  securing  of  lateral  stiflhess  to  resist  the 
pressure  of  strongf  winds  against  its  immense  side-surface,  as  well 
as  to  the  attainment  of  vertical  stiffness  to  resist  the  strain  and 
shake  of  a  heavy  passing  load.  In  some  other  cases  where  mal- 
leable-irOfn  is  \ised  in  the  eonstruction  of  bridges,  a  girder  has  been 
formed  of  plates.  The  ilpper  part  is>a  tube  bent  over  to  an  arch- 
form  (Fig.  83),  and  the  lower  portion  a  flange  or  ledge,^a8  Weli  for  strength  as  for  re- 
ceiving the  ends  of  the  beams-' that  carry  the  roaidway ;'  and  the  t^per  and  lower  portioDS 
are  connected  by  a  longitudMal  flft,  with  severiil  transverse  ribs  for  stiffening  and  more 
firmly  connecting  the  whole  together.  This  ingenious-  arrangoment  of  parts  is  dae^ 
w«  believe,  to  Mr.  Bnmel  the  engineer. 

Not  only,  however^is  tb«ve  scope  for-  medication  of  form  of  .the  fr&iisterBe  sectionso 
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as  to  secure  strength  with  economy  of  material;  the  longitudinal  section  and  plan  of  a 
beam  are  also  susceptible  of  modifications. 


iri  IT  Tim 


Fig.  83. 

In  the  case  of  a  bbam:  projecting  from^  wall  (Fig.  84),  with  a  weight  suspended  at 
its  extreme  end,  the  strain  is  greatest  at  A,  close  to  the  support,  and  diminishes  to- 
wards the  end,  because  the  leverage  with  which  the  weight  acts  to  fracture  the  beann 
dimmishes.  Thus,  at  0,  midway,  the  strain  is  only  half  that  at  A,  at  B 
it  is  fths,  and  at  D  it  is  Jth.  If,  then,  the  breadth  of  the  beam  be  uni-: 
form  throughout  its  length,  its  depth  may  be  with  safety  diminished  to- 
wards the  extremity.  As  the  strength  is  proportioned  to  the  square  of 
the  depth,  the  depths  at  B  0  D  may  be  made  such  that  their  squares  are 
respectively  f ,  },  and  J  of  the  square  of  A.  This  may  be  done  by  remov- 
ing material  from  the  upper  or  lower  side  of  the  beam,  so  as  to  give  it  a 
curved  outline  above  or  below,  and  still  the  strength  of  the  beam  is  main- 
tained. The  curve  for  such  a  beam  is  what  is  called  a  parabola,  the 
peculiar  property  of  which  is,  that  a  square  of  the  length  of  each  of  the 
vertical  Hues  or  ordinates  A,  B;  C,  D,  is  proportional  to  its  distance  from 
the  apex  or  extremity  E.  Let  us  take,  aer  an  example,  a  beam  of  cast- 
iron  projecting  12  feet,  and  12  inches  deep  at  A  by  3  inches  broad.  The 
weight  of  such  a  beam  of  uniform  4epth  throughout  would  be  about  12  Section. 
cwt.  But  by  tapering  it  off  Aff^re  hiave  indicated,  its  weight  would  be  reduced  to  8  cwt., 
f Eds  of  what  it  was.    Thus,' not  only  iff  a  saving  effected  in  the  cost  of  the  beam,  but 


A         B 


Kg.  84. 

&8  its  own  weight  is  an  important  part  of  the  strain  at  A,  this  element  of  strain  is  con- 
siderably diminished,  and  the  weight  hanging  from  the  end  may  be  proportionally  in- 
creased.   The  depths  at  the  different  points  would  be  as  follow  :— 
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At  A,  dose  to  the  support,  12  inches. 

„  B,  jths  of  the  length  from  A,  about  lOJ,  because  10^  squared  is  about  fths  oi  12 

squared.     10)  X  10)  =:  IIOJ,  and  12X12=  144,  }th  of  which  is  108. 
„  G,  i  the  length,  or  6  feet  from  A,  about  8)  inches. 
„  D,  Jth  the  length,  or  9  feet  from  A,  6  inches. 

If  the  depth  of  the  beam  cannot  conveniently  be  Tariej^  the  breadth  may  be  dimir 

nished  at  a  distance 
EHVATIOW.  f^     ^    p^i^t     Of 

sujyport;  because  the 
strength  of  a  beam 
being  as  its  breadtii, 
and  the  leyerage  of  the 
^,  weight  being  lessened 
aa  we  recede  from  the 
breaking- point,  the 
breadth  may  be  les- 
sened in  like  propor- 
tion. Sometimes  it  is 
conyenient  to  yaiy  the 
depth  and  breadth 
also,  and  thus  main- 
tain a  similar  section 
throughout  the  whole 
length ;  that  is,  a  seo- 
tion  of  like  figure, 
but  of  yarying  dimen- 
sions. 


1»LAN. 
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In  the  case  of  beams  supported  at  both  ends,  and  loaded  in  the  middle  (Fig.  8Q,  the 
same  principle  is  applied ;  the  dimensions,  in  respect  of  depth  and  breadth,  being  made 
greatest  in  the  middle  and  diminished  gradually  towards  the  ends.  This  ecGOffrnj  of  ma- 
terial is  easily  effected 
in  cast-iron  girders  by 
making  the  pattern 
from  which  the  casting 
is  moulded  of  the  re- 
quisite form.  When 
timber  beams  aro  used, 
the  iiicreased  depth  to  •  ^^'    * 

I  wards  the  middle  is  attained  by  piling  seyeral  beams  on  one  another  (Fig.  86).  As  the 
lower  side  of  a  beam  resting  at  both  ends  is  subjected  to  a  tensiye  strain,  great  addi- 
tional transverse  strength  may  be  secured  by  straining  a  rod  or  chain  B  B  (Fig.  87)  firom 
end  to  end  of  the  beam,  and  blocking  it  off  from  the  low^r  surface  by  means  of  one  or 
more  wooden  or  iron  struts  A  or  C  C.  By  this  arrangement  the  wooden  beam,  when 
loaded  between  the  supports,  is  subjected  to  a  compressive  strain  only,  the  whole  of  the 
tensive  strain  being  thrown  upon  the  rod  or  chain. 

Again,  by  fixing  a  strut,  or  king-post,  C  (Fig.  88),  upon  the  upper  side  of  the  besn^ 
'  A  A,  and  connecting  it  by  pieces  B  B  to  the  ends,  the  compressive  strain  is  thrown  on 
I  B  B  and  the  tensive  strain  only  on  A  A.    Indeed,  there  is  no  limit  to  the  contiivanoefi 
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by  means  of  which  the  direction  and  amount  of  the  strains  can  be  raried  so  as  to  ucono- 

jDoise  material  and  se- 
cure   stability.      We 

have  ozdy  instanced 

a  few  as  examples  of 

arrangements,  a  com- 
plete accomii  of  irhiclt 

would  fill  many  yo- 

lumes. 

The  table  of  trans. 

Tense  strengths  gives 

the  load  which  may 

be  safely  placed  on  the 

toiddle  of  beams  of  di  -  •  ^'  ®^- 

wrent  materials  supported  at  both  ends,   T^he  table  itppUes  to  Wms  1  foot  long  between 

the  points  of  support. 
B  ..i<^^^^lii!ll^^^b!^w  n  The  weights  are  those 

for  beams  the  trans- 
verse section  of  which 
in  the  middle  is  1  inch 
square,  or  1  inch  broad 
and  1  inch  deep ;  and 
these  apply  to  all 
beams  of  rectangular 
section.    The  weights 

for  beams  of  circulair  ridction,  may  be  taken  at  two-thirds  of  those  for  square  section. 

The  following  are  the  rules  for  computing  the  strengths  of  beams  of  various  dimensionsi 

according  to  the  data  fomished  by  the  table : — 

t.  ]^or  beams  supported  at  both  ends  and  loaded  in  the  middle.     Given  the  length, 

breadth,  and  depth,  to  find  the  load. 

Sule, — ^Multiply  the  number  in  the  table  by  the  breadth  (in  inches),  twice  by  the 

depth  (in  inches),  and  divide  by  the  length  (in  feet). 

Example  1. — Bequired  the  transverse  strength  of  a  beam  of  teak  8  inches  broad, 

12  inches  deep,  and  14  feet  between  bearings. 

Number  from  table  opposite  teak        ....  270  lbs. 

Multiply  by  breadth 8  ins. 


Multiply  by  depth 

Again  by  depth 
Divide  by  length 


2160 
12  ins. 


^6920 
12  ins. 


14)311040 


22217  lbs. 
Very  nearly  10  tons,  or  22,400  lbs. 

Example  2. — ^Kequired  the  transverse  strength  of  a  wrought-iron  bar  1)  inch  broad, 
4  inches  deep,  and  6  feet  long. 
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1800XliX4X4_g^QQ  lbs.,  nearly  46i  cwt. 

For  bars  of  circular  section. 

£ule. — Multiply  the  number  in  the  table  three  times  by  the  diameter  (in  inches)^ 
divide  by  the  length  (in  feet),  and  deduct  one-third  of  the  result  from  itself. 

Example  3. — Eequired  the  transverse  strength  of  a  beech  roller,  2  inches  diameter, 
and  4  feet  long. 

170  X  2  X  2  X  2 


4 


=  340 


*  Deduct  one-third    =113 

227  lbs.,  about  2  cwt. 

II.  When  the  beam  is  fixed  down  at  the  ends. 

£ule. — Find  the  strength  as  before  (I.),  and  add  to  it  its  half. 

Example  4. — ^Eequired  the  strength  of  a  cast-iron  bar  2  inches  broad,  6  inches  deep, 

9  feet  long,  fixed  at  both  ends. 

850X2X6X6  ^  ^g^^  ^^^^  ^^^^  ^  ^^ 

Add  one-half      3400         „         1|  ton. 

10200  „         4J  tons. 

III.  When  the  beam  is  supported  loosely  at  both  ends,  and  has  the  load  uniformly 
distributed  over  its  length. 

EuU. — Find  the  strength  as  before  (I.),  and  double  it. 

Example  6. — Required  the  strength  of  a  deal  rafter  3  inches  broad,  11  inches  deep, 

10  feet  long,  loaded  uniformly  throughout  its  length. 

130  X  3  X  11  X  11  ^  2  _  9^33  y,^  ^^^^^  ^^  ^^ 

IV.  When  the  beam  is  fixed  at  both  ends,  and  has  a  load  uniformly  distributed  over 
its  length. 

Eule. — Find  the  strength  as  in  I.,  and  triple  it. 

Example  6. — Kequired  the  strength  of  a  round  wrought-iron  bar  2  inches  diameter, 
10  feet  long,  fixed  at  ends,  the  load  being  imiformly  distributed. 
1300  X  2  X  2  X  2  __  _  .^^ 

To -^^*^ 

Deduct  one-third  =    347 

693  X  3  =  2079  lbs. 

V.  When  the  beam  is  loaded  by  a  weight  not  in  the  middle. 

Eule. — Find  the  strength  as  before  (I.),  multiply  twice  by  half  the  length,  and  divide 
by  the  length  of  each  part  into  which  the  beam  is  divided  by  the  point  of  suspension. 

Example  7. — Required  the  strength  of  an  ash  beam  6  inches  broad,  8  inches  deep, 
14  feet  long,  to  carry  a  weight  3  feet  from  one  end.  Half  the  length  is  7  feet,  and  the 
two  parts  are  11  and  3. 

250  X  6  X  8  X  8  ^    7X7       ,^,0011.       i.    ^  ai  4. 
J-. X  f  i~v>~o  =  10182  lbs.,  about  4^  tons. 

VI.  When  the  beam  is  fixed  at  one  end  and  loaded  at  the  other. 
Eule. — Find  the  strength  as  in  I.  and  divide  it  by  4. 
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Example  8. — ^Kequired  the  strengtli  of  an  "Rngliali  oak  beam  13  inches  square,  project- 
ing 10  feet  from  a  wall,  to  bear  a  load  at  the  end. 

190  X  13  X  13  X  13       ,,^.„,,        *.    -.I.V    T 
Yn =  41743  lbs.,  strength  by  I. 

Divide  by  4  =  10433  lbs. 

These  cases  include  most  of  the  circumstances  which  occur  in  practice.  The  con- 
Terse  operations  for  finding  the  dimensions  of  a  beam  when  we  know  the  weight  it  has 
to  bear,  do  not  furnish  us  with  the  breadth  and  depth  separately  (except  in  the  case  of 
cylindrical  and  square  beams  when  the  depth  and  breadth  are  equal),  but  give  us  a 
result  which  is  the  product  of  the  breadth  by  the  square  of  the  depth.  We  must,  there- 
fore, be  guided  by  other  circumstances  in  determining  one  of  these  dimensions ;  and 
liaving  determined  the  one,  we  easily  find  the  other.  For  instance,  if  we  were  required 
to  provide  a  cast-iron  girder  of  rectangular  section,  such  that  when  placed  on  two 
iv^alls  10  feet  apart  it  should  carry  a  load  of  2  tons  in  the  middle,  we  should  reason 
thus : — ^By  the  table,  a  cast-iron  rectangular  beam  1  inch  broad  and  1  inch  deep,  and 
1  foot  between  supports,  bears  850  lbs. ;  one  10  feet  between  supports  must  be  made  ten 
tunes  as  strong  to  bear  850  lbs. ;  and  to  bear  2  tons,  or  4480  lbs.,  it  must  be  about  five 
and  a  quarter  times  as  strong,  because  4480  lbs.  is  about  five  and  a  quarter  times  850  lbs. 

The  strength,  then,  for  the  given  length  and  weight  must  be  5^  X  10  =  52| ;  or, 

more  correctly, ^^-r =  52*7  times  that  of  a  beam  1  inch  broad  and  1  inch  deep. 

OvO 

But  as  the  strength  is  as  the  breadth  multiplied  by  the  square  of  the  depth,  the  number 
52*7  must  be  the  product  of  the  breadth  in  inches,  multiplied  by  the  square  of  the 
depth  or  twice  by  the  depth ;  and  if  we  determine  one  of  these  dimensions,  we  can 
easily  ascertain  the  other,  thus — 

Assume  breadth,  then  depth,  because  nearly 

1  in.        .        .        7i  in.        .        .        1  X  7J  X  7J  =  527 


2  in. 
Sin. 

4  in. 

5  in. 


5|in. 
4^  in. 
31  in. 
3|in. 


2X6|X5j  =  52-7 

3  X  4J  X  4J  =  52-7 

4  X  3|  X  3|  =  52-7 

5  X  3i  X  3i  =  52-7 


And  so  on,  the  one  dimension  being  assumed  according  to  circumstances  of  convenience 
or  for  other  reasons.  When  it  is  determined  that  the  section  of  the  beam  shall  be 
square,  the  product  found  as  above  is  the  cube  of  the  breadth  or  depth,  or  it  is  the 
breadth  multiplied  3  times  by  itself;  and  therefore  the  breadth  or  dept^  is  found  by 
taking  the  cube  root  of  this  product.  In  the  case  given,  the  cube  root  of  52*7  is  about 
8  J ;  and  we  therefore  conclude  that  if  the  beam  be  of  square  section,  its  breadth  or 
depth  must  be  3f  inches,  because  3J  X  3J  X  H  =  527.  When  the  bfeam  is  cylin- 
drical, the  diameter  is  also  determined.  Since  tJie  strength  of  a  cylindrical  beam  is 
about  f  of  a  square  one  of  the  same  material,  we  must  make  up  the  other  \  by  adding 
to  its  dimensions ;  and  as  J  is  one-half  of  |,  we  must  add  to  the  product  its  half,  and 
then  take  the  cube  root  as  for  a  square  beam.  In  the  case  given,  adding  to  52*7  its 
half,  or  26*35,  we  have  79  05,  which  is  nearly  the  cube  of  4j;  and  we  must  therefore 
make  the  diameter  of  a  cylindrical  beam  i\  inches,  or  more  correctly  43  inches. 

As  a  proof  of  the  accuracy  of  our  calculation,  we  have  only  to  reverse  the  operation, 
and  calculate  the  load  which  the  beam  of  the  dimensions  we  have  thus  determined  will 
bear.     If  the  result  corresponds  with  the  given  weight,  we  know  that  we  are  right. 
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In  the  example  we  have  takeik,  we  have  to  find  the  strength  of  a  cylindrical  cast-iron 
beam  4'3  inches  diameter  and  10  feet  long.  By  the  rule  for  bars  of  circular  section, 
case  I., 

Deduct  I  =  2253 

46(S6 
iTearly  2  tons,  or  4480  lbs.,  the  load  which  the  beani  was  intended  to  carry. 
The  following  rules  give  the  ntode  of  calculating  the  strength  prodttef  under  Tirious 
circumstances'  of  strain,  and  then  the  miethod  of  dealing  With  Ihe  itrmgth  product  When 
the  form,  proportions,  or  one  of  the  sectional  dimensions  of  the  beam  is  given.     The 
cases  are  numbered  in  the  same  order  as  those  in  the  calculation  of  the  load. 

I.  Beams  supported  at  both  einds  and  loaded  in  the  middle :  given  the  length  and 
load  to  find  the  strength  product 

J2m/*.— Multiply  the  load  (in  lbs.)  by  the  length  (in  feet),  and  divide  by  the  number 
in  the  table. 

Example  d.— Kequired  the  strmgth  product  for  a  beattfl  of  teat  14  feet  between 
bearings,  to  carry  10  tons  in  the  middle. 

10  tons —22,400  lbs. 
2?^^^><J*  —  1161,  strength  product. 

8  ins^  broad  and  12  ins.  deep  would  suit  this  case,  because  8  X  I2f.  X  12^=:  1152, 
nearly  1161. 

II.  When  the  beam  is  fixed  doWn  at  the  endJB. 

Bute. — Find  the  strength  product  as  in  I.,  and  deduct  from^  ft  fts  |rd  part. 
Example  W.^A  cast-iit)n  bar  fixed  at  both  endlB  9  feet  apart  has  to  carry  10,200  lbs. 
10,200  X  9  __,^^ 

''^so — -^^^ 

Deduct  J  =    36 

72  3ir  strtewgth  product. 
2  ins.  broad  and  6  ms.  deep,  for  2  X  6  X  6  =  72. 

III.  When  the  beam  is  loosely  supported,  and  the  load  uniformly  distributed. 
Jiule. — ^Halve  the  strength  product. 

Example  11. — ^A  deal  rafter  10  feet  long  is  loaded  uniformly  with  9438  lbs. 
9438  X  10  ^  ,  _  „., 

3  ins.  broad  and  11  ins.  deep,  for  3X11X11  =  363. 
IT.  When  the  beam  is  fixed  at  both  ends,  and  has  the  load  uniformly  distributed. 
Eule. — Divide  the  strength  product  by  3. 

Example  12.— A  wrought-iron  bar  10  feet  long  fixed  at  ends  is  loaded  with  2080  lb& 
uniformly  distributed. 

2080  X  10       ci  ^^.    ^      ^^.       A  ^ 
"1300~X~3  ~  ^*        strength  product. 

If  the  bar  be  round,  we  must  increase  this  by  one-half,  making  it  8 ;  and  as  8  is  the 
cube  of  2,  or  2  X  2  X  2,  the  round  bar  must  be  2  ins.  diameter. 
y.  When  the  beam  is  loaded  not  in  the  middle. 
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Sule. — ^Multiply  the  strength  product  successively  by  the  two  lengths  into  which  the 
w-eight  divides  the  beam,  and  divide  twice  by  half  the  total  length. 

Evample  13. — ^An  ash-beam  14  feet  long,  has  10,182  lbs.  suspended  firom  it  3  feet 
from  one  end  (consequently  11  feet  from  the  other,  half  the  length  being  7  feet). 

10,182  X  14  ^  11  X  3        . 
250  ^TX?-^^® 

6  inches  broad  and  8  inches  deep,  for  6  X  8  X  8  =  384. 

YI.  When  the  beam  is  fixed  at  one  end  and  loaded  at  the  other. 
Jtide. — Multiply  the  strength  product  by  4. 

BsMmpU  14. — ^An  English  oak  beam  projects  10  feet  and  carries  10,433  lbs.  at 
the  end. 

1M^J00^4_21$6. 
190 

13  inches  sqifttt©,  for  IZ  X  13  X  13  =2  2197. 

The  following  rules  embody  the  methods  of  dealing  with  the  strength  product  whem 
found  as  above. 

1.  Given  the  depth  to  find  the  breadth. 

-Bw/Iff.—Divide  the  strength  product  twice  by  the  depth  (in  inidies)',  the  cpiotient  is 
the  breadth  (in  inches). 

.Example  15. — ^Beam  6  inches  deep  to  give  strength  product  72f. 

72 
— — -  =  2  inciies,  the  breadth. 
6X6 

2f.  Given  the  breadth  to  find  the  depth. 

.Rule. — Divide  by  the  breadth  and  take  ihe  s^are  root  of  the  quotient. 

£xample  16. — ^Beam  8  inches  broad,  strength  product  1161. 

y.—  =  145,  the  square  root  of  wMch  is  newly  12,  for  12  X  12  =  144.  - 
8 

3.  When  the  beam  is  square  in  section. 

IRtde. — Take  the  cube  root  of  the  strength"  product. 
Example  17. — Square  beami,  strength  product  2196. 

Cube  root  of  2196  =:  13  nearly,  for  13  X  13  X  13  =s=  2197. 

4.  When  the  beam  is  cylindrical. 

iUde. — Increase  the  strength  product  by  its  half  and  take  the  cube  root. 
MxampU  18*^ — CylindricaL  beam,  strength  product  5  J 
Addhalfof5i  =  2| 

8 
Cub©ri>otof8^=:r2f. 

'fot  bedms  of  other  forms  than  those  which  havie  squate,  rectangulaip>  or  ooniioal  9&^ 
^ons,  we  cannot  furnish  any  ruler.  Practioeel  men,  from  long  experience  and  from  a 
habit  of  observing  the  proportions  suitable  to*  certain  strains^  can  form  a  tolerably  accu- 
rate conception  of  the  strength  due  to  particular  forms  under  v%iriou9  conditions.  Be* 
fore  any  mechanical  work  is  executed,  the  appearance  of  Idie  parts  on  the  drawing 
fecommeilds  itself  to  a  practised  eye,  or  otherwise,  according  atsr  the  details  are  studiec^ 
in  consonance  with  the  just  proportions  of  strength  or  otherwise.  In  providing  not 
only  against  aibsolitte  fhioture,  ^t  adso'  ftfEaonat  defleetioQ^  vibration^  and  adl  sim^  ele-» 
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ments  of  degradation  and  weakness,  the  strength  must  he  made  very  much  in  excess  of 
that  which  the  mere  calculation  of  hreaJdng-strain  would  indicate ;  and  the  different 
modes  of  proyiding  adequate  firmness  and  permanence  without  extravagant  use  of  mate- 
rials, are  matters  of  ingenious  contrivance  for  which  no  rule  could  he  furnished. 

Table  of  transverse  Strengths  of  beams,  I  foot  long  between  supports,  lying  loose  at  both 

ends,  loaded  in  the  middle,  having  a  section  1  inch  square : — 

Name  of 
material. 

Ash 


Beech 

Deal 

Elm 

Oak  (African) 


rmanent 

Name  of 

load. 

material. 

250  lbs. 

Oak  (English) 

170,, 

Pitch  pine 

130,, 

Teak 

120,, 

Iron  (cast) 

230,, 

Iron  (wrought) 

Permanent 
load. 

190  Iba. 

190  „ 

270,, 

850  „ 

1300  „ 


4.  Tonion. — As  in  Bjachinery  n;Lotion  is  generally  conveyed  from  one  part  to 
another  by  means  of  shafts  or  spindles  rotating  on  their  axes,  it  becomes  a  matter  of 
cjonsiderable  importance  to  determine  the  strength  of  materials  to  resist  a  twisting  or 
wrenching  force.  If  we  suppose  an  iron  shaft  fitted  with  a  wheel  at  each  end,  one  of 
which  is  driven  by  some  prime  mover,  such  as  a  steam-engine,  and  the  other  conveys 
the  power  or  motion  to  some  machinery,  it  is  clear  that  the  whole  power  so  conveyed 
has  to  pass  through  the  ^aft ;  and  the  resistance  of  the  machinery  at  the  one  end  to  the 

prime  force  applied  at  ]the  other,  subjects  the  shaft 
to  a  torsive  or  twisting  strain. 

That  we  may  simplify  the  view-  which  we 
should  take  of  this  kind  of  strain,  we  shall  sup- 
pose a  shaft  4-  (Fig.  89)  fitted  with  a  wheel  at 
.«ach  «nd  Z  and  0,  round  the  circumference  of 
eaOh  of  which,  in  opposite  directions,  a  ropo 
^'  *®*  *'  *  {passes,  suspending  a  weight  "W.    The  wheels  and 

weights  being  equal  are  balanced,  and  the  shaft  is  not  caused  to  turn  in  either  direction; 
but  both  weights  tend  to  twist  the  shaft  in  itself.  If  instead  of  one  of  the  weights  "W' 
me  were  to  substitute  a  fixed  pin  or  hook  to  which  the  rope  might  be  attached,  the  rope 
would  still  be  suljected  to  the  same  strain  as  if  it  had  the  weight  suspended  from  it ; 
and  as  it  would  react  on  its  wheel  with  a  force  precisely  equal  to  its  tension,  the  twist- 
ing effect  on  the  shaft  would  not  be  altered.  We  may,  therefore,  suppose  the  wheel  and 
weight  entirely  rei^oved  from  one  end  of  the  shaft,  and  that  end  fixed  firmly  in  such  a 
manner  that  it  cannot  ti^m  or  revolve  ofn  its  axis,  while  it  is  throughout  its  whole  length 
subjected  to  a  twisting  strain  frx>m  the  action  of  the  weight  at  the  other  end.  The 
power  with  which  this  weight  tends  to  twist  the  shaft  depends  both  on  its  magnitude 
and  on  the  size  of  the  wheel  round  which  its  rope  passes.  The  radius,  or  half-diameter, 
of  the  wheel  is  the  leverage  of  the  weight;  and  by  increasing  it  we  increase  the  torsivn 
strain  in  like  proportion.  For  ease  of  calculation  we  will  suppose  the  radius,  or  half- 
diameter,  of  the  wheel  to  be  1  foot ;  and  if  we  can  find  the  torsion  of  a  certain  weight 
acting  at  a  radius  of  1  foot,  we  can  reckon  that  of  the  weight  at  any  other  radius ;  or 
having  found  the  weight  to  produce  a  certain  torsion  at  1  foot  radius,  we  can  easily 
reckon  the  radius  at  which  the  same  weight  would  produce  some  other  amount  of 
torsion. 

Thus,  by  doubling  or  trebling  the  radius  wo  double  or  treble  the  torsive  strain ;  b^r 
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doubling  or  trebling  the  weight  we  hare  to  place  it  at  one-half  or  one-third  the  radial 
distance  from  the  centre  of  the  shaft,  in  order  to  subject  it  to  the  same  torsion ;  and  so 
generally  in  simple  proportion.  The  torsive  strain,  therefore,  is  as  the  weight  multi- 
plied by  its  radial  distance.  One  ton  at  a  radial  distance  of  3  feet  is  equivalent  to  3  tons 
at  a  radial  distance  of  1  foot,  because  1  ton  X  3  feet  =  3  tons  X  1  foot. 

We  have  now  to  inquire  what  effect  the  dimensions  of  the  shaft,  or  the  quantity  of 
material  in  it,  has  in  resisting  a  certain  torsive  strain ;  how  large  the  shaft  must  be  to 
resist  a  given  strain,  or  what  strain  a  shaft  of  given  dimensions  can  resist.  The 
replies  to  these  questions  must  depend  upon  the  form  of  section  and  the  nature  of 
the  material  employed;  but  if  we  can  ascertain,  by  direct  experin;Lent,  the  torsive 
strength  of  a  shaft  of  certain  material,  form,  and  dimensions,  we  must  endeavour 
to  find  a  principle  on  which  to  reckon  the  strength  of  a  shaft  of  the  same  form 
and  material,  but  of  different  dimensions.  We  may  imagine  two  plates  of  metal  or 
other^material  placed  face  to  face,  having  such  corresponding  projections  and  hollows 
in  their  surfaces  that  the  projections  of  the  one  fit  into  the  hollows  of  the  other.  We 
may  suppose  these  plates  pressed  together,  and  some  force  applied  at  their  edges,  so 
as  to  push  the  one  along  the  face  of  the  other.  It  is  manifest  that  the  force  for  this 
purpose  must  depend  upon  the  amount  of  roughened  surface  ii^  contact,  upon  the 
pressure  squeezing  the  plates  together,  and  the 
peculiarities  of  the  ronghness  which  their  sur- 
faces present.  Instead  of  two  separate  plates 
put  artificially  together,  we  may  conceive  that 
at  any  place  where  a  solid  body  might  be  shorn 

across,  the  particles  of  the  body  or  the  grains  of       ,  ^^— ^__.  ^_^^— - 

which  it  is  composed  fit  into  the  interstices  of  W^}M^.  ^     "  "   ^-^^^^ 

each  other ;  and  the  two  parts  into  which  the 
body  may  be  divided  or  shorn  are  heid  firmly 
together  by  the  cohesion  of  the  particles  over 
the  whole   surface  where  the  division  takes  Fig.  90. 

place  (Fig.  90).  In  order  to  effect  a  separation  by  pressing  the  body  in  opposite  direc- 
tions, as  with  shears,  we  should  have  to  overcome  the  cohesion,  and  the  resistance 

vhich  the  asperities  pre- 
sent to  the  slip  across  the 
roughsurface  of  separation. 
The  acti^  amount  of  co- 
hesive attraction  and  the 
resistance  from  asperity, 
must  mainly  depend  upon 
the  peculiar  nature  of  the 
material  acted  on ;  but  ihe 
relative  amount  of  resist- 
ID  ance  which  two  pieces  of 
the  s^me  material  of  dif- 
ferent dimensions  present, 
seems  to  depend  simply 
^*  upon  the  number  of  par- 

ticles separated ;  that  is  to  say,  on  the  area  of  the  section  or  quantity  of  surface  sepa- 
rated.   Thus,  to  separate  crosswise  a  piece  of  iron  2  inches  square,  we  should  expect  to 
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Fig.  92. 


apply  four  times  as  much  force  as  would  be  re<}uired  to  separate  a  piece  of  the  i 
iron  1  inch  square,  because  the  piece  2  inchw  square  has  an  area  of  sectiouy  or  a  surface  of 
separation,  four  times  as  great  as  the  piece  1  ineh  square.  But,  fSeirther,  if  we  suppose  the 
separation  to  be  efEected  by  means  of  a  shears  (Fig.-  91)  sdr  arranged  that  the  2-inch  piece 
is  placed  twice  as  fax  from  the  pivot  or  fulcrum  of  the  leyer  of  which  the  shears  fomr 
the  arms  as  the  l-inch  piece,  we  should  have  to  apply  double  the  force  to  diride  the  2<'mch 
piece,  on  account  of  the  disadvantage  of  leverage ;  and^  on  the  whole,  in  such  a  case  w€f 
diould  require  eight  times  the  force  to  divide  the  2-inch  piece  that  we  require  for  the 

l-inch  piece/  If  now,  instead  of  shearing  acroser 
a  square  bar,  we  apply  this  principle  to  the 
fracture  of  a  eylindrical  bar  or  shaft  by  torsion,- 
the  centre  of  the  shaft  becomes  the  fidcrum  of 
the  lever  which:  we  may  assume  to  be  one  foot 
^^.^.,  long;  andreach  portion  of  the  sectional  area  of 
I  the  shaft  resists  separation  witb  a  force  propor- 
L  tional  to  its  area,  and  to  its- leverage  or  distance 
firom  the  centre  C  (Fig/  92).  If  we  take  any 
snudl  square  of  the  section,^  such  as  A^  and  8up»>- 
poae  a  ring  traced  inclosing  it,  it  is  clear  that 
the  tesistance  of  every  part  of  that  ring  of  particles,  of  the  same  magnitude  as  A,  offers 
the  same  resistance,  because  it  has  the  same  leverage,-  or  is  equally  distant  from  the 
centre ;  and  that,  therefore,  the  total  resistance  of  tixe  ring  is  as*  its  area  multiplied  by  itsr 
leverage  A  C.  But  if  the  ring  be  very 
narrow,  its  area  is  nearly  its  circum- 
ference multiplied  by  its  bi^adth,  and  its' 
circumference  is 
as  its  radius  A  0  ^ 
therefore  its  re- 
sistance is  as  its 
breadth  multi 
plied  by  its  radius 
twice  orthe  square 
of  its  radrus. 

Were    we   to 
suppose,  then,  the 

whole  circle  divided  into  numerous  nar- 
row rings  of  equal  breadth,  the  resist-^ 
ftneer  of  the  whole  to  separation  by 
torskm  would  be  the  stfnil  of  the  resist^ 

ances  of  all  the  rings,  the  resistance  of  each  being  as  its  breadth  multiplied  by  the 
square  of  its  ra^usr.  Now,  if  we  compare  a  ctrcle  of  one  radius  such  as  12  ins,  ^th 
another  such  as  6  ills.,  dividing  each  radius  into  an  equal  number  of  parts  as  4^  tfnd 
tracing  the  rings  ntarkteg  them,  for  the  sake  of  distinctness,  by  lai^  and  small  letters 
respectively,  we  Und  that  the  breadth  of  ring  A  is  double  that  of  a,  and  that  the  radius 
of  A  IS  also  double  that  of  a  ;  therefore  the  resistance  of  A  ttf  torsiou  is  5?  X  2  X  2,  or 
8  times  that  of  a.  So  we  find  the  resistance  of  B  to  be  8  times  that  of  B,  and  so  on ; 
tibetefore  the  resistance  of  the  whole  of  the  krgei'  circle  is  8  times  that  of  the  smaller 
Were  the  radius  of  the  one  3  times  that  of  the  other,  we  should  fliid,  bv  a  like  process,    i 
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that  its  resistance  would  be  3  X  3  X  3,  or  27  times ;  and  generally  that  the  resistance 
of  any  cylindrical  shaft  to  torsion  is  as  the  cube  of  its  radius,  or  of  its  diameter  (the 
double  of  its  radius). 

This  general  proposition  is  almost  self-evident ;  for  if  we  admit  that  the  resistaaoe 
of  any  part  of  the  circular  section  is  as  its  area  multiplied  by  the  leverage  at  which  it 
iV^ts,  the  resistance  of  the  whole  circular  section  must  be  as  its  area  multiplied  by  the 
iQeai^  (^  ayerage  leverage  of  all  its  parts.  The  areas  of  circles  are  as  the  squares  of 
their  diameters,  ^nd  in  every  circle  the  mean  leverage  is  proportional  to  the  diameter; 
therefore  the  resistance  to  torsion  is  as  the  area  or  square  of  the  diameter  multiplied  by 
the  dian^eter— rthat  is  to  say,  as  the  cube  of  the  diameter. 

T^e  reasoning  we  have  used  is  founded  on  the  assumption  that  the  effect  of  excessive 
torsion  is  to  divide  or  shear  a  shaft  across  at  some  place  where  the  material  is  acci- 
dentally weaker  than  elsewhere.  But  in  shafts  of  uniform  strength!  throughout  their 
length,  and  of  fibrous  texture,  this  is  by  no  means  the  effect  of  destructive  torsion.  In 
a  WTOught-iron  shaft,  for  inajance,  the  fibres  are  made  to  twist,  so  that  in  some  cases 
the  outer  surface  presents  the  screw-^fon^  of  a  cord  or  rope ;  and  ultimately  they  sepa- 
rate and  present  a  fracture  where  parts  seem  to  have  been  dragged  out  of  their  place  by 
this  twisting  action.  In  producing  such  a  twist  of  fibres  there  must  be  a  considerable 
elongation,  particula^y  of  the  outer  fibres ;  for  it  is  longer  round  the  thread  of  a  screw 
than  in  a  direct  line  from  one  &id  of  a  bar  to  the  other ;  and  the  greater  the  diameter  of 
the  thread,  or  the  farther  it  is  from  the  centre,  the  longer  is  its  course.  If,  then,  we 
Qonfine  our  attention  to  any  set  of  fibres  similarly  situated,  in  two  bars  of  different  dia- 
meters subjected  to  torsion,  we  see,  in  tl^e  first  place,  that  in  the  larger  bar  the  number 
of  fibres  in  the  portion  of  the  section  referred  to  is  greater  than  the  number  in  a  similar 
portion  of  the  smaller  bor,  in  proportion  as  the  square  of  the  one  diameter,  or  total  area 
of  the  larger,  exceeds  that  of  the  smaller.  Again^  ii^  the  larger  bar  the  leverage  of  the 
set  of  fibres  to  resist  the  screw  elongation,  or  the  an^ount  of  the  elongation  which  they 
])ave  to  un^ei^,  exceeds  that  of  the  smaller  in  proportion  as  the  one  diameter  exceed^ 
the  other.  Therefore,  upon  the  whole,  we  must  conclude,  as  before,  that  the  resistance 
of  the  larger  to  toz]pion  is  to  th^t  of  the  snjaller  as  the  cube  of  the  one  diameter  is  to  that 
of  the  other. 

The  same  principles  of  reasoning  apply  equally  to  other  than  circular  forms  of  sec- 
tion. The  torsive  strengths  of  square  bars  follow  the  same  law ;  and  those  of  any  other 
forms,  provided  they  be  limilar  or  have  all  their  corresponding  parts  proportional.  In 
comparing  bars  of  circular  with  those  of  square  section 
of  equal  diameter  (Fig.  94)  we  readily  see  that  the  tor- 
sive strength  of  the  square  must  exceed  the  other,  not 
only  on  account  of  the  square  having  the  larger  a^a,  and 
therefore  the  greater  number  of  fibres  or  points  of  cohe- 
sion, but  also  because  the  additional  area  is  situated  at 
^aces  farther  from  the  centre,  and  thereforeresisting  with 
more  leverage  than  any  parts  of  the  circular  secti<m. 
On  the  other  hand,  we  observe  that  while  all  the  fibres 
of  the  circular  section  are  supported  against  being 
forced  aside  by  those  around  them,  the  fibres  in  the 
angles  of  the  square  section  are  not  so  supported,  and 
may  be  expected  to  yield  more  readily  to  the  twisting  ^^*  ^^* 

forc(^   Upon  the  whole  it  has  been  found  that  the  torsive  strength  of  the  square  sectioi^  if 
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about  one-foiirtii  greater  than  that  of  the  circular.  As  the  distance  of  any  fibre  from  the 
centre  contributes  much  to  its  resisting  powder,  it  may  be  advantageous  to  remove  some 
of  the  material  of  a  shaft  from  the  inside,  where  it  is  of  little  value  to  resist  torsion,  and 
place  it  on  the  outside,  where  it  acts  with  greatly  increased  leverage.  On  this  principle, 
hollow  or  tubular  shafts  present  the  advantage  of  economizing  material  and  securing^ 
strength  with  lightness ;  for  each  of  the  fibres  in  the  ring  section  of  a  tube  has  so  much 
greater  leverage  than  those  towards  the  centre  of  a  shaft,  that  their  number,  and  conse^ 
quently  the  sectional  area  of  the  ring,  may  be  considerably  diminished  without  lessening 
the  torsive  strength. 

From  a  number  of  experiments  made  with  a  view  of  ascertaining  the  torsive  strength, 
of  different  materials,  we  are  enabled  to  compile  a  taUe  from  which  the  strength  of  a 
shaft  of  given  materials  and  dimensions  may  be  calculated ;  or,  conversely,  the  dimen- 
sions may  be  computed  of  a  shaft  destined  to  sustain  a  given  torsive  strain.  The  table, 
col.  2,  gives  the  weight  in  pounds  placed  at  the  end  of  a  lever  1  foot  long,  which  a  cylin- 
drical shaft,  1  inch  in  diameter,  will  permanently  sustain  without  injury ;  and  the  fol- 
lowing rules  embody  the  methods  of  computing  the  torsive  strengths  of  other  shaftSy 
according  to  their  diameter* 

I.  Oiven  the  diameter  of  a  cylindrical  shaft  and  the  length  of  lever  at  which  the 
twisting  weight  acts,  to  find  what  weight  it  will  permanently  sustain. 

Bule. — ^Multiply  the  number  in  the  table  three  times  by  the  diameter  (in  inches),  and 
divide  by  the  length  of  lever  (in  feet). 

Example  1. — Required  the  strain  that  can  he  applied  at  the  end  of  a  lever  2  feet 
long  to  turn  a  cast-iron  shaft  4  inches  in  diameter. 

2 =  10,660  lbs.,  nearly  4f  tons. 

Example  2. — A  rope  passes  round  a  pulley  3  feet  in  diameter,  fixed  to  a  gun-metal 
spindle  2|  inches  in  diameter ;  required  the  weight  that  may  be  attached  to  the  roi>e. 
Since  the  diameter  of  the  pulley  is  3  feet,  the  leverage  of  the  weight  is  1^  ft. ;  and 

la" 

II.  When  the  shaft  has  a  square  section. 

iSti/^.— Add  Jth  to  the  weight. 

Example  3.— -Bequiied  the  weight  that  may  be  hung  t<J  a  letttr  6  feet  \6vi%y  fiked  <b 
a  wrou^t-iron  (English)  square  shaft  2  inches  broad, 

335XiX2Xi^535l^. 

0 

Add  J  =  134  „ 

670  lbs.  tieariy  6  cwt; 

III.  Given  the  weight  and  lever,  to  findihe  diameter  of  a  cylindrical  shaft. 
JZwfo.— Multiply  the  weight  (in  lbB.>by  the  length  of  lever  (in  feet),  divide  by  the 

number  in  the  table,  and  extract th<5  cube  root  for  the  diameter  (in  inches). 

Example  4. — ^A  cast-steel  spindle  has  to  withstand  the  torsion  of  5  tons  at  the  end 

of  a  lever  8  feet  long :  required  its  diameter. 

11  200  b^  8 
6  t<ms  =  11,200  lbs.,  and  —^-^ =  152  nearly.   . 

The  cube  root  of  152  is  about  5|  inches. 
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rV.  When  the  shaft  is  square. 

Ruie. — ^Multiply  the  weight  by  the  lever,  divide  by  the  tabular  number,  deduct  Jth 
of  the  result,  and  extract  the  cube  root. 

Example  6. — A  square  shaft  of  English  wrought-iron  has  to  sustain  6  cwt.  at  the 
end  of  a  lever  5  feet  long :  required  the  breadth. 

6  cwt.  =  672  lbs.  X^ 

335 =10 

Deduct  ifth=   2 

8,  cube  root  2  Inches. 

Table  of  torsive  strenfffhs  ofeylindrieai  shafts  1  ineh  diameter;  weights  acting  at 
1  foot  leteragSi 


Name  of 

Permanent 

Name  of 

Permanent 

material. 

load. 

material. 

load. 

Brass 

.     150  lbs. 

Lead: 

.        34  lbs. 

Copper 

.     135  „• 

Steel  (blister)     . 

.         .     560,, 

Gun-metal 

.     170,, 

Sfeel(ca8t) 

.     590,, 

Iron  (wrought,  Unglish) 

.     335,, 

Steel  (shear)       . 

.     570,, 

Iron  (wrought,  Swedish) 

.     320,, 

TM    .       .       . 

.       47  „ 

Iron  (cast) 

.    350  ,, 

The  table  and  rides  apply  only  to  cases  whel«  a  simple  regular  strain  is  applied. 
When  shafts  or  spindles  are  intended  to  convey  motion  to  machinery,  they  are  generally 
subjected  to  great  irregtdarities  of  tormve  ^teain;  and  though  they  may  only  convey 
upon  the  whole  a  certaia  power,  yet  at  different  periods  of^their  revolution  they  may  be 
subjected  to  strains  ranging  fronr  nothing  up  to  many  times  the  average  strain  due  to 
the  power  they  convey. .  If  we  consider  for  a  moment  the  conditions  under  which  the 
crank-shaft  of  a  steam-engine  rotates,  we  shall  see  the  gceat  variation  of  strain  to  which 
it  is  exposed.  At  two  points  of  each  resolution,  what  are  technically  called  the  dead- 
centres,  the  steam- power  has  no  eflfect  to  turn  the  shaft  roiuid;  but,  on  the  contrary,  the 
momentum  stored  up  in  the  fly-wheel  tvima  the  shaft,  and  through  it  gives  movement  to 
the  parts  of  the  engine.  At  two  other  points,  when  the  connecting-rod  of  the  engine  is 
acting  in  the  most  favourable  position,  the  shaft  receives  a  torsive  strain  through  the 
crank  greater  than  the  total  pressure  of  the  steam  on  the  piston ;  and  the  amount  of  this 
strain  depends  on  the  total  steam-pressure  on  the  piston,  the  obliquity  of  the  connecting- 
ix)d,  and  the  length  of  the  crank.  But  all  machinery  is  besides  subject  to  accidental 
irregularities  of  strain.  For  instance,  in  the  engines  of  a  steam- vessel  propelled  by 
paddle-wheels,  sometimes -in  a  heavy  sea,  while  the  engines-  and  paddles  are  moving  at 
fiill  speed,  a  wave  strikes  one  paddle  and  suddenly  immerses  it  to  a  great  depth  in 
water,  so  as  at  once  to  retail  its  rotation.  The  shocb^us  communicated  to  the  engine 
through  t&e  shaft  which  diiv^^e  paddle  is  enormou^-and  occasionally  more  than  100 
times  the  average  force  passing  tiirough  the  shaft.  II  is,  therefore,  essential  to  make 
all  shafts  intended  to  communitatiB  power  of  much  greater  strength  than  what  is  due  to 
the  mere  average  strain  passing  through  them.  The  power  that  is  communicated 
through  any  s&aft  is  generally  reckoned  in  horse-pow*!*;  and  as  power  consists  of  two 
elements— pressure  or  weight  moved,  and  the  velocity  or  speed  with  which  it  is  moved — 
it  is  necessary  to  ascertain  not  only  the  power  passing  ihrough  a  certain  shaft,  but  also 
khe  speed  with-which  that  shaft  rotates^  or  the  number  of  revolutions  it  makes  in  a 
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giren  time,  such  as  a  minute,  before  we  can  oompute  the  ttrain  to  wluch  it  is  subjected, 
and  the  dimensions  of  which  it  should  be  made.    The  more  quicUy  a  shaft  rotates  in 
communicating  a  certain  power,  the  less  is  the  torsive  strain  to  which  it  is  subjected,  for 
^wer  is  pressure  or  strain  multiplied  by  Telocity ;  and  if  to  produce  a  certain  power  the 
I    yelocity  be  increased,  the  strain  must  be  proportionally  diminished.    The  shafts  of 
I    engines,  and  machinery  connected  with  them,  are  generally  made  of  wrought  or  cast- 
I    iron.    Jia  wrought-iron  is  more  flexible  and  tenacious  than  cast-iron,  it  is  less  subject  to 
I    fracture  by  sudden  variations  of  strain,  and  is  therefore  preferable  to  cast-iron  for  shafts, 
{    and  may  be  made  considerably  lighter.    Again,  the  shafts  which  communicate  the  first 
i    effort  of  the  power  from  the  steam-pressure  to  the  fly-wheel  are  subjected  to  mach  | 
I    greater  variations  of  strain  than  those  which  communicate  the  power  afterwards  from  | 
I    the  fly-wheel  shaft  to  other  machinery.    It  is,  therefore,  advisable  to  give  the  first  | 
I    shafts,  or  prime  movers  as  they  are  called,  greater  strength  than  is  necessary  for  second  j 
movers.    Practical  men  generally  make  the  prima  movers  about  twice  as  strong  as  the 
second  movers ;  and  the  following  rules  embody  the  modes  of  competing  dimensioiLB  of  | 
shafts  for  conveying  given  power  at  given  Felocity.  i 

1.  For  wrought-iron  prime  movers,  given  the  horse*power,  and  the  number  of  rerot  I 
lutions  per  minute,  to  ascertain  the  diameter.  | 

Bule, — Divide  the  power  by  the  velocity,  extract  the  cube  root  of  the  quotient,  and  i 
multiply  by  7,  for  the  diametco:  in  inches.  | 

Example  1. — ^Required  the  diameter  of  a  wroughtrlron  prime-moving  shaft  for  100  i 
horse-power,  making  20  revolutions  per  minute. 


-— -  =6,  cube  root  17  inches,  and  7  X  1-7= 11-9,  nearly  12  inches. 

2.  For  cast-iron  prjme  movers. 
JZ««fo.— Divide  the  power  by  the  velocity,  and  take  7J  times  the  cube  root  of  the 
quotient. 

Example  2. — ^Required  the  diameter  of  a  cast-iron  prime-moving  shaft  for  50  hone* 
power  at  25  revolutions  per  minute. 

50 

^  =1  2,  cube  root  1'26  X  7J  =  9'45  or  9i  inches. 

8.  For  wrought-iron  second  n^overs. 

Stde. — Divide  power  by  velocity,  and  take  5i  times  the  cube  root  of  the  quotient. 
Example  3,^rRoquired  the  dian^eter  of  a  wrought-iron  second  mover  for  40  hone* 
power  at  15  ireyolutions  per  minute. 

-^  =  2-6,  cube  root  1*4  X  5*  =  7'7  or  7f  inches. 

4.  For  cast-iron  second  movers. 

flMfo.-T^Divide  power  by  velocity,  and  take  6  times  the  cube  root  of  the  quotient. 
Example  4. — Required  the  diameter  of  a  cast-iron  second  mover  for  30  horse-power 
at  36  revolutions  per  minute. 

30 

^  ==  0-6,  cube  root  0-87  X  6  =  5-22  or  5J  inches. 

For  shafts  under  very  regular  strain,  and  distantly  connected  with  the  prime  mover, 
the  multipliers  may  be  for  wrought-iron  5,  and  for  cast-iron  5J, 
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Th«  diineiifliiiiu  computed  by  the  tJboYe  rulee  are  thoee  of  the  weakest  part  of  the 

eiu^    Wh^a  ahafte  are  of  great  length,  or  have  great  weights,  such  as  fly- wheels, 

tod  the  like,  filed  upon  them,  they  are  subject  to  the  deflection  due  to  transrerse  strain. 

TliiB  deflation  in  a  reTolving  shaft  is  an  important  element  of  weakness,  for  it  continually 

ohfin^cfl  in  dintnition  as  the  one  side  or  other  of  the  shaft  is  uppermost,  and  thus  subjects 

the  tnfitCTial  to  all  the  degradation  of  alternate  strains  in  opposite  directions.    In  break- 

iii|^  a  piece  of  wire,  it  is  not  unusual  to  bend  it  backwards  and  forwards  until  its  tenacity 

is  quite  destroyed.    The  same  kind  ox' action  occurs  in  a  shaft  too  light  for  its  length,  or 

for  the  weight  it  bears,  and  gradually  lessens  its  tenacity  and  deprives  the  fibres  of  their 

continuous  texture.  For  such  cases  the  strengths  should  be  made  considerably  in  excess 

of  what  they  are  computed  to  be.    In  this,  as  in  numerous  other  instances,  experience 

most  be  the  guide  of  the  practical  mechanic  in  the  absence  of  set  rules. 

5.  Clipping  ox  Sheaxiag  Steain.— The  strain  which  a  body  undergoes  when 

it  is  divided  across  by  means  of  shears,  or 

any  instrument   consisting  of  two  blades 

that  pass  one  another  like  those  of  a  scissors 

or  shears,  is  of  a  kind  very  distinct  from 

any  of  tiie  other  strains  which  we  have 

discussed.    Xfnder  tensiye  strain,  the  fibres 

are  torn  asunder  by  a  force  in  the  direction 

of  their  length ;  under  compressiTe  strain 

they  are  forced  out  of  their  place,  and  have 

their   lateral    cohesion   destroyed;    under 

traosverse  strain  they  are  subjected  partly 

to  compression   and   partly  to   extension; 

under  torsive  strain  they  are  extended  in  a 

screw  or  spiral  direction;    but  under  the 

clipping  strain    the    particles    are   forced 

across  eaeh  other,  as  we  have  described  in 

endeavouring  to  investigate  torsive  strain  on 

the  principle  of  shearing. 

Besides  actual  clipping  by  instrumente 
j  for  the  purpose,  there  are  various  circumstances  under  which  materials  may  be 

exposed  to  a  strain  of  a  similar  character.    In  punching  holes  in  a  plate  of  metal,  a 

similar  action  takes  place. 
The  punch  (Fig.  95)  is  a 
piece  of  steel,  the  end  of 
which  is  made  of  the  size 
and  shape  of  the  hole  to 
be  pimched,  the  edges 
being  keen  and  not 
roimded  off;  the  matrix 
is  a  block  of  steel,  or  iron 
faced  with  steel,  having 
a  hole  suoh  as  ia.  to  be 
punched,  with  edges  also 
keen.      The    pumch  and 

(he  matrix  are  so  adjusted  that  the  fonner  shall  pass  exactly  into  the  latter;  and  a 
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plate  ot  metal  being  placed  on  the  matrix  while  the  punch  is  up,  has  a  hole  pieiced  in  it 
by  its  descent — ^the  piece  of  metal  being  punched  or  pressed  down  into  the  hole  of  the 

matrix.     When  the  edges  of  the  punch  and  matrix  are  keen,  and  thej  accuiately  { 

fit  each  other,  the  metal  of  the  plate  is  shorn  cleanly  round  the  circumference  of  the  \ 

hole ;  and  tho  fcsoe  required  to  effect  the  operation  appears  to  be  the  same  as  would  { 

be  required  to  shear  a  plate  of  the  same  material  and  thickneas  as  that  punched,  over  a  | 
length  equal  to  that  of  the  circumference  of  the  hole. 

Another  example  of  shearing  strain  occurring  in  practice,  is  that  to  which  the  pins  ' 

uniting  the  limbs  of  a  chain  are  subject  (Fig.  96).    If  the  joint  consist  of  single  Hmbi  ; 
united  by  a  pin,  a  strain  applied  to  ihe  limb  longitudinally  tends  to  shear  the  pin  acroa 

at  one  place.  I    i 

If  the  links  be  double  and  single  altematdy,  the  pin  is  exposed  to  be  shorn  at  two  I    ' 

places;  where  the  links  are  three  and  two  alternately,  the  shearing  must  take  place  at  | 

four  places;  and,  generally,  whatever  be  the  number  of  links  embracing  each  other  at  j 

both  sides,  the  number  of  places  at  which  the  pin  must  be  shorn  is  double  the  smaller  I    , 

number  of  Unks.    We  naturally  conclude  that,  if  a  certain  power  be  required  to  shear  |    ! 


a  pin  at  one  place,  it  would  require  double  the  force  to  shear  it  at  two,  triple  at  three, 
and  80  on,  an  additional  force  being  required  for  each  additional  separation  (^  the  sub- 
stance made.  Practically,  this  is  found  to  be  true.  Carrying  the  same  reasoning  to 
the  consideration  of  the  strains  required  for  shearing  pins  of  different  sizes,  we  conclude 
that  if  we  double  the  area  of  section — ^that  is,  the  surface  where  the  separatioa  i» 
effected  or  the  number  of  fibres  shorn — ^we  haye  to  double  the  Ibrce  necessary  to  shear 
it.  We  therefore  conclude  that  the  strength  to  resist  shearing,  or  the  force  required  to 
shear,  is  proportional  to  the  area  of  the  body  shorn  at  the  place  where  the  separation  is 
effected :  and  here,  also,  our  reasoning  is  borne  out  by  experiment.  A  pin  oi  iron  2  ins. 
in  diameter  requires  4  times  the  force  to  shear  it  that  a  pin  1  in.  in  diameter  requires, 
because  the  area  of  a  circle  2  ins.  is  4  times,  or  2  X  2  times,  the  area  of  a  cirole  1  in. 
in  diameter. 

It  is  not  uncommon  in  machinery  to  couple  two  rods  A  and  B  in  the  manner  indi- 
(^ted  in.  Fig.  97.  The  ends  of  the  rods  being  turned  truly  cylindrical,  and  a  socket  C 
bored  to  fit  on  them,  the  ends  are  inserted  in  the  socket,  and  keys  D  and  £  are  driven 
into  slits  cut  through  the  socket  and  the  rods.  On  a  great  longitudinal  strain  being 
applied  to  the  rods,  so  as  to  pull  them  out  of  the  socket,  fracture  may  occur  in  one  of 
the  following  ways : — 

1.  Either  of  the  rods,  or  the  socket  itself,  may  give  way  under  the  effort  of  dhwt 
tension ;  and  if  so,  they  must  yield  at  the  weakest  place,  which  is  manifestly  where  the 
keys  pass  through  them,  part  of  their  sectional  area  bding  occupied  by  the  keys,  which 
add  nothing  to  the  cohesiTe  strength. 

2.  Either  of  the  keys  may  be  shorn  across  at  the  two  places  where  they  leave  the 
socket  and  enter  the  rods. 

3. : Either  of  the  rods  may  have  the  material  between  the  key  and  its  end  drawn  out 
so  as  to  leave  an  opening  F,  the  material  forced  out  being  punched  or  shorn  at  both 
sides  by  the  strain  on  the  key. 

4.  Either  end  of  the  socket  may  have  the  material  at  G  drawn  out  in  a  similar 
way. 

Now,  if  the  material  be  of  the  same  quality  throughout,  the  strength  to  resist 
fracture  in  the  2nd,  3rd,  and  4th  ways  may  bo  equalized,  because  they  are  all  shearing 
strains  of  the  same  kind,  and  we  have  only  to  make  the  several  apeas  of  the  parts  that 
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would  be  shorn  all  equal ;  that  is  to  aay,  the  sectional  area  of  each  key  should  be  equal 
to  that  of  the  end  part  F  of  each  rod,  because  the  shearing  would  separate  two  surfaces 

in  either  case ;  and  the  area  of  the  part 
G  of  the  socket  need  be  only  half  that, 
because  four  surfaces  would  be  separated. 
But  we  have  as  yet  established  no  re- 
lation between  the  strength  to   resist 
tensive  strain  and  that  to  resist  shear* 
Sng,  and  cannot  therefore,  without  fur- 
ther information,  compute  the  propor- 
tional fstrength  of  th9 
effectiye     transverse 
sections  of  the  rods 
and  socket  where  the 
keys    pass    through 
them.    The  truth  is, 
that  very  few  expe- 
riments   have   been 
made      upon      the 
strength  of  nuii* 
terials  to  resist  s 
shearing  strain; 
«uchashavebeen 
made  with  mal- 
leable iron  seem 
to  show  that  it  is 
precisely  equal  to 
the  strength  to 
resist  tension, 
and  we  beUevs 
that  with  other 
materials   this 
law    may    be 
very  safely  as- 
sumed. Asthtt 
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tensive  strength  is  also  proportional  to  the  area  of  section,  the  areas  to  resist  equal 
tensive  and  shearing  straiiis  should  be  equal.  Accordingly,  we  should  make  the  trans* 
verse  sections  of  the  rods  and  socket  such  that  the  area  of  each  part,  on  either  side  of 
the  key,  shall  be  equal  to  the  transverse  section  of  the  key ;  for 
the  key  would  be  shorn  at  two  places,  and  the  rod  or  socket 
would  be  pulled  asunder  at  the  two  places  on  either  side  of  the 
key.  On  examining  the  figure,  it  will  at  once  suggest  itself  that 
the  keys  should  be  made  narrow  and  broad  (measuring  the  breadth 
in  the  direction  of  the  rods  lengthways),  so  as  to  trench  as  little 
as  possible  upon  the  sectional  area  of  the  socket  and  rods. 
Although  for  round  or  square  pins  or  bars  the  law  that  the 
■trength  to  resist  shearing  is  very  nearly  the  same  as  the  cohesive  ^' 

strength,  yet  there  is  little  doubt  that  by  incrpasing  the  depth  of  a  bar  exposed  to  b« 
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Bham,  the  Ivreadth  being  dimmished  so  as  to  letam  the  same  area,  the  strengih  is  mate- 
rially increased.  If  we  placed  a  bar  of  iroa  having  2  ins.  X  1  in-  of  seetional  area 
under  a  shearing  strain  edgewajB,  it  -wonld  certainly  resist  more  than  when  placed 
sideways.  We  are  not  aware,  however,  that  experiments  have  been  made  to  a  sufficient 
extent  to  warrant  us  in  laying  down  any  law  as  to  this. 

In  practice  no  material  error  will  arise  from  the  assumption  of  tiie  simple  law  we 
have  already  stated;  and  if  strengths  to  resist  shearing  be  calculated  according  to  it,  let 
the  mechanic,  as  fiu*  as  he  can,  contrive  to  bring  the  shearing  strain  against  the  greatest 
depth,  and  he  will  certainly  be  safe  against  fracture  from  this  cause. 
-  In  punching  a  hole  in  metal,  the  surfiuje  of  the  separation  produced  is  the. circum- 
ference of  the  hole  mtdtiplied  by  the  thickness  or  deptii ;  and  the  resLstLng  force  should 
be  equivalent  to  the  tensive  strength  of  a  bar  of  the  same  material  having  a  sectional 
area  equal  to  the  surface  of  separation.  Thus,  in  estimating  the  force  required  to  punch 
a  circular  hole  1  inch  in  diameter  through  a  plate  of  malleable  iron  f  th  of  an  inch  thick, 
we  should  reckon  the  circumference  of  a  circle  1  inch  in  diameter  ia  3*1416  inches;, 
multiplying  by  the  thickness,  }th  of  an  inch,  we  have  the  area  of  the  surface  of  separation^ 
2*3562 ;  and  tiierefore  the  strength  to  resist  the  punching  is  that  of  a  bar  of  iron  having 
a  seetional  area  of  2*3562  square  inches  to  resist  fracture  by  tensive  strain.  The  weight 
required  to  tear  asunder  a  bar  of  iron  1  square  inch  in  sectional  area,  ia  found  by  expeii- 
inent  to  be  about  26  tons;  and  the  weight  to  tear. asunder  2*3562  square  inches  would 
therefore  be  about  61  tons,  which  we  reckon  as  the  force  required  for  punching  the  hole 
such  as  we  have  described. 

<  The  subject  of  shearing  strain  is,  upon  the  whole,  somewhat  obscure.  The  experi- 
ments have  been  few, 'and  made  rather  with  a  view  to  the  solution  of  other  questions 
Ihan  the  determination  of  a  law  as  to  this  strain.  We  would  therefore  caution  the 
practical  man  against  placing  too  much  dependence  on  any  computations  made  in  respect 
of  it.  Where  he  is  in  doubt,  and  has  no  case  practically  carried  out  to  which  he  may 
refer,  it  is  far  better  that  he  should  make  experiments  for  himself;  or, 'in  the  absence  of 
data  which  he  might  deduce  from  them,  at  least  he  should  make  his  work  rather  in 
excess  of  strength  than  otherwise.  Great  evils  may  often  result  from  the  execution  of 
work  where  the  dimensions  are  too  closely  approximated  to  the  results  of  calculation  as 
to  strains  and  strength.  These  evila  are  of  an  uncertain  character — ^they  may  occur 
unexpectedly,  under  circumstances  that  aggravate  the  mischief  they  may  cause ;  great 
expense  may  be  incurred,  limbs  may  be  broken,  life  may  be  endangered  or  destroyed, 
and  all  because  material  has  been  grudgingly,  employed  or  disproportionally  applied. 
But  when  strength  is  given  in  excess  to  any  structure  intended  to  be  permanent,-  the 
first  evil,  that  of  additional  cost,  is  the  only  one — it  is  known  as  to  amount,  is  under- 
gone, and  appears  not  again—and  the  artificer  has  the  satisfaction  of  thinking  that  if 
difficulties  or  dangers  arise  during  the  use  of  the  work  he  has  contrived  and  formed,  it 
must  be  from  adventitious  causes  for  which  he  cannot  be  held  blameable. 

Indeed,  the  whole  subject  of  strength  of  materials  is  in  an  unsatisfactory  state. 
Every' new  experiment  made,  every  new  work  completed,  adds  somewhat  to  our  prac- 
tical knowledge  in  this  department  of  mechanics.  But  so  long  as  the  materials  we  uao 
vary  in  quplity,  are  wanting  in  imiformity,  and  are  subject  to  the  changes  which 
moisture,  temperature,  and  other  circumstances  impose  upon  them,  so  long  must  vre 
remain  incapable  of  estimating  correctly  their  strengths  for  any  particular  purposes,  and 
so  long,  musk  we  be  prepared  to  make  large  allowances  for  all  such  variations  and  for 
pontingencies  which  do  not  always  readily  suggest  themselves. 
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SOUECES  OF  MECHANICAL  POWEE. 

The  principal  sources  of  power  may  be  daseed  under  four  heads. 

1.  Muscular  power  of  men  and  animals. 

2.  Natural  movements  of  air  and  water. 

3.  Weight  and  elasticity  of  bodies. 

4.  Heat,  electricity,  magnetism,  and  chemical  action. 

i.  Kusculair  F<yw«v  off  Blea  and  Animals. — It  is  not  our  province  to  discuss 
tile  mode  in  which  the  muscles  of  men  and  animals  are  put  in  action.  This  is  a 
q[a8stion  which  belongs  to  the  physiologist  Suffice  it  to  say,  that  the  mechanism  of. 
animal  structure  is  of  that  most  perfect  kind,  which  characterizes  all  the  works  of  Him 
who  designed  and  executed  it  The  simple  effort  of  trt'tf,  or  whatever  that  particular 
mental  fiusulty  be  called,  appears  to  communicate  itself  through  the  nerves  which  per- 
vade the  whole  animal  frame  like  a  network  of  electric  wires,  and  to  operate 
immediately  on  l^e  muscular  tissue.  The  musdes,  so  far  as  we  understand  their  nature, 
appear  to  have  no  innate  force  of  their  own,  but  are  merely  organized  instruments 
put  in  action  by  the  nervous  influence  transmitted  to  them  by  the  nerves,  just  as  the 
index  of  an  electric-telegraph  is  perfectly  inert  until  it  is  deflected  one  way  or  other  by 
the  subtile  ntAgnetic  influence  transmitted  to  it  through  the  electric- wire.  Notwith- 
standing the  immense  variety  of  movements  of  which  the  different  parts  of  the  animal 
frame  are  cax>able,  the  action  of  the  muscles  which  effect  those  movements  is  of  one 
kind  only — contraction  in  length,  accompanied  by  expansion  in  diameter. 

The  eyes  are  caused  to  rotate  in  their  sockets,  and  their  focus  as  optical  instruments 
is  varied;  the  lips,  the  tongue,  tiie  throat,  and  the  jaws  are  moved  so  as  to  give  voice  to 
ausical  notes  and  articulate  language;  the  shoulders,  arms,  wrists,  hands,  and  fingem 
are  put  in  motion  so  as  to  enable  man  to  lift  heavy  weights,  or  to  manipulate  with 
ooasumnate  d^cacy;  the  back,  body,  the  legs  and  feet  are  moved  so  that  man  may 
walk,  run  or  leap,  row,  or  perform  feats  of  strength  and  agiUtyw    And  yet  every  one  of 


Fig,  W. 
^bese  motions  is  effelcted  by  tiie  longitudinal  contractions  of  muscles  under  the  nerroni 
influence  of  volition.    The  frame-work  of  this  exquisite  machinery  ia  the  skeleton,  con 
sisting  of  numerous  bones  joined  together.    The  form,  length,  strength,  and  situation 
«f  every  bone  have  been  devised  with  most  minute  ftare  to  suit  their  particular  o|)jaeta. 
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Each  bone  plays  the  part  of  a  beam,  and  has  attached  to  it  a  tendon  or  strong  cord  near 
its  joint  or  falcrum.  This  tendon  is  the  end  or  continuation  of  a  bundle  of  fleshy  fibres, 
which  constitute  a  muscle,  fixed  at  the  opposite  end  to  some  oQner  part  of  the  frame- 
work ;  and  as  these  fibres  contract  in  length  under  the  nervous  influence,  the  tendon  or 
cord  is  puUed,  and  the  bone  or  lever  caused  to  move  round  its  joint  or  fulcrum. 

We  may  suppose  AB  (Fig.  99)  to  represent  a  flxed  bar,  having  a  jcant  at  B  fitted 
with  a  lever  B  C,  from  the  extremity  of  which  a  wei^t  is  suspended ;  and  D  E  a  cord 
fixed  at  D  to  the  bar  AB,  and  at  E  to  the  lever  BG.  By  shortening  the  cord  D  £  we 
eause  the  lever  to  turn  about  its  fulcrum  B,  to  some  such  position  as  that  marked  by  the 


Rg.  100. 

dotted  lines  E'  C.  So  in  the  human  arm  (Fig.  100),  the  upper  bone  is  the  bar  jcnnted 
at  the  elbow ;  the  radius  bone  terminates  by  the  hand,  in  whiich  a  weight  may  be 
placed;  the  oocd.  is  the  Uceps  muscle,  fixed  at  the  upper  end,  and  terminating  at  the 
lower  end  in  a  tendffn,  which  is  fixed  to  the  radius.  The  longitudinal  contraction 
of  this  muscle  pulls  the  tendon,  and  thus  causes  tha  radius  to  turn  upon  the  elbow- 
joint,  and  raise  the  weight  at  its  extremity. 

Besides  the  direct  movement  of  the  bones  as  levers,  such  as  we  have  described, 
there  are  numerous  modified  motions,  sideways  or  rotatory,  which  are  all  effected  by  the 
contraction  of  muscles  specially  arranged  for  their  respective  purposes.  For  instance, 
in  order  to  turn  the  hand  upside  down,  it  is  necessary  to  make  the  arm  rotate  or  turn 
upon  its  axis.  This  is  efiected  by  musdes  placed  spirally  round  the  bones  of  the  arm. 
By  diminishing  the  length  of  one  of  these,  the  bones  are  caused  to  twist  round.  And 
so  for  every  movement  of  every  part  of  the  frume,  a  flpecial  muscle  is  provided  so  as  to 
effect  the  required  motion  by  simple  contraction. 

The  fi>rce  or  contracting  energy  of  some  of  these  muscles  is  enormous,  as  may  readily 
be  believed,  when  it  is  remembered  that  they  are  attached  to  the  short  end  of  a  losing 
lever,  and  yet  are  capable  of  sustaining  great  weights  at  the  extreme  end,  where  the 
weight  acts  with  immense  leverage. 

Some  of  the  muscles  are  not  placed  exduavely  under  the  control  of  the  will,  bat  act 
regularly  without  any  effort  of  volition.  Such  are  the  muscles  which  effect  the  action 
of  the  heart  and  organs  of  respiration.  •  Some'musdes,  again,  seem  to  be  put  in  action 
by  an  effort  of  will  of  which  we  are  not  eonacious.  Such  are  those  of  the  eye  to  direct 
snd  focus  it,  and  those  of  the  tongue,  mouth,  and  throat  in  speak^ig.  Although  we  will 
to  speak  or  articulate  certain  sounds,  we  never  think  of  the  particular  muscles  that  we 
nufit  put  in  action  in  ordfir  to  effect  the  ttrtioulation  desired.    So  in  walking  and  ath«r 
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actions  which  have  become  familiar  by  habit,  no  thought  is  given  to  the  special  mus- 
cular moTements  required.  It  seems  to  be  enough  to  will  to  walk,  and  the  muscles 
obey.  It  is  oply  when  fatigue  and  exhaustion  render  their  exercise  painful,  that  we 
luiTe  to  employ  special  acts  of  Yolition  in  order  to  effect  our  purpose. 

In  making  use  of  muscular  power  as  a  moTing  force,  it  is  important  to  call  into 
exercise  those  muscles  which  require  the  least  effort  of  will  for  their  movement,  and  to 
.  apply  them  in  the  way  least  calculated  to  fatigue.  The  animals  chiefly  employed — ^the 
horse,  the  ox,  and  the  camel — can  only  be  used  in  particular  ways,  as  for  bearing  and 
dragging  loads.  The  horse  and  the  ox  are  best  adapted  for  dragging,  as  neither  of  them 
is  capable  of  sustaining  great  weights.  The  camel,  on  the  other  hand,  moves  with 
facility  under  a  very  considerable  load  placed  upon  its  back.  The  elephant  is  employed 
in  tropical  countries  both  for  canying  and  dragging,  and  appears  to  have  enormous 
strength  for  either  purpose.  When  human  power  ia  employed  it  may  be  exercised  in 
various  ways.  The  operation  in  which  man  seems  capable  of  exerting  the  greatest 
power  for  the  longest  period  is  that  of  rowing.  In  moving  the  oar  against  the  resist- 
ance of  the  water,  almost  every  muscle  of  the  body  is  called  into  operation.  The  spine, 
bent  forwards  in  the  back-stroke,  is  thrown  back  as  the  pull  is  taken,  the  shoulders  and 
arms  are  also  thrown  back,  the  legs  are  stiffened  against  the  foot-board,  and  thus 
immense  power  is  applied  tb^e  oar  without  excessively  straining  any  one  or  two  par- 
ticular muscles.  In  excavating  earth  or  day,  conveying  loads  up  steep  inclinations  by . 
a  wheelbarrow,  and  generally  in  the  operations  for  which  navigators  are  employed,  a 
large  amount  of  power  is  developed.  The  muscular  frames  of  these  men,  and  their  long 
practice  in  particular  operations  requiring  great  strength,  enable  them  to  continue  for 
long  periods  at  work  without  much  fatigue ;  and  to  one  watching  minutely  their  mode 
of  working,  while  there  is  little  appearance  of  effort,  yet  there  is  manifest  a  regulated 
play  of  the  muscles,  and  a  sort  of  contrivance  for  doing  the  work  with  the  least' possible 
moTcment, — ^whieh  indicate  that  every  one  of  these  muscular  movements  is  a  result  of 
babit,  without  the  need  for  a  special  effort  of  wilL 

In  pumping,  as  in  rowing,  numerous  muscles  are  exercised,  and  accordingly  this 
kind  of  labour  can  be  continued  for  a  long  period.  There  is,  however,  a  monotony 
about  the  operation,  and  a  want  of  visible  effect  to  satisfy  the  mind  of  the  workman, 
which  tend  to  make  him  weary  of  his  work.  In  rowing  a  boat,  excavating.  Lifting  <»^ 
moving  a  load,  there  is  a  visible  progress  made,  and  the  workman  has  a  satisfaction  in 
observing  the  change  effected  by  his  exertion,  and  can  reckon  his  advance  and  the 
amount  sdll  remaining  to  be  done ;  but  in  the  continuous  disdiarge  of  a  body  of  water 
from  a  pump,  drawn  probably  from  an  unseen  source,  and  flowing  into  an  unseen 
reservoir,  or  into  one  so  large  that  additions  to  its  contents  produce  no  visible  effect^ 
there  is  nothing  to  reckon  by,  no  progress  apparent;  and  .the  workman  accordingly 
becomes  fatigued,  more  from  want  of  mental  satisfkction  than  from  actual  weariness  of 
body.  It  is  true  that  cases  frequently  occur  where  seamen  and  passengers  on  board  a 
leaky  vessel  work  for  many  days  continuously  at  the  pumps.  But  in  such  a  case,  life  is 
at  stake ;  and  the  excitement  of  danger,  fear  of  death,  and  hope  of  safety,  are  impulses 
to  exertion  capable  of  overcoming  much  bodily  fatigue  and  mental  lassitude.  In  all 
operations  demanding  manual  labour,  it  is  good  economy  to  let  the  workman  see  the 
effect  of  his  efforts :  let  his  mind  be  satisfied,  and  his  body  will  the  longer  withstand 
fatigue.  Where  labour  is  used. as  a  punishment,  it  is  certainly  an  aggravation  of  the 
penalty  to  make  the  labour  of  a  kind  that  manifests  no  restilt.  The  perpetual  walking 
up  the  rounds  of  a  treadmill,  or  perpetual  turning  a  winch  to  drive  unseen  machinery. 
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18  therefore  a  penal  labour  of  a  most  ievere  dharaoter,  although  the  actual  muscular 
exertion  which  either  demands  is  not  great. 

As  rotatory  motion  is  generally  that  kind  of  morement  best  applicable  to  machinery, 
being  most  easily  modified  in  direction  and  Telocity,  labour  at  the  winch  is  the  kind  of 
manual  exertion  chiefly  used.  Before  steam-nuuihinery  became  common,  the  number 
of  operations  effected  by  manual  labour  was  very  much  greater  than  it  is  now.  M 
present,  except  for  qpecial  purposes — such  as  driying  a  printing-machine,  or  a  turning- 
lathe,  where  the  quantity  of  work  to  be  done  would  not  warrant  the  iqpplication  of 
costly  motive  power — ^manual  labour  at  the  winch  is  little  used.  Engineers  of  the  last 
generation,  with  whom  human  and  animal  labour  was  an  important  consideration  as  a 
source  of  motive  power,  devoted  considerable  care  to  experiments  as  to  the  best  modes 
of  applying  it,  and  the  quantity  of  power  developed.  The  main  result  of  their  deduc- 
tions was,  that  in  moving  machinery  the  power  of  a  horse  was  on  the  average  equiva- 
lent to  a  weight  of  33,000  lbs.  lifted  1  foot  high  in  1  minute ;  and  this  has  accordingly 
been  adopted  by  engineers  as  a  standard  by  which  all  powers,  whether  of  steam-engines 
or  water  or  windmills,  are  measured. 

The  power  of  a  man  is  about  one-fifth  of  that  of  a  horse ;  that  is  to  say,  on  tiie 
average  a  man  can  exert  a  power  equivalent  to  the  lifting  of  a  weight  33,000  lbs.  one 
foot  high  in  five  minutes,  or  6,600  lbs.  one  foot  high  in  <me  minute.  These  estimates 
are  not  applicable  to  a  single  effort  for  a  short  period,  but  to  labour,  such  as  could  be 
sustained  for  hours  daily,  and  continued  on  socoessiye  days.  When  the  power  of  a  noan  is 
continuously  applied  to  a  winch,  it  should  not  be  estimated  at  more  than  half  that  given 
above;  that  is  to  say,  3,300 lbs.  raised  one  foot  high  in  one  minute.  It  is  found  in 
practice  that  a  man  working  a  winch  can  for  a  considerable  period  moye  his  hand 
through  120  feet  per  minute,  exerting  an  average  of  30  lb&  At  some  parts  of  the  revo- 
lution of  the  winch  he  exerts  more  than  double  of  this  pressure,  at  other  parts  less  than 
half;  but,  on  the  whole,  the  mean  pressure  may  be  taken  at  30  lbs.  Now,  30  X  120 
gives  a  power  of  3, 600  lbs.  raised  one  foot  per  minute,  which  is  rather  above  the  estimate 
of  3,300,  which  we  haye  giyen  above.  If  the  radius  of  the  winch  be  1  foot,  the  dia- 
meter of  the  circle  in  which  the  hand  revolves  is  2  feet,  and  its  circumference  6f  feet; 
therefore  he  makes  about  19  reydlutions  per  minute,  for  19  X  6f  =:  120  nearly.  For  a 
short  period  he  could  turn  the  winch  at  the  rate  of  25  or  30  revolutions  per  minute,  and 
exert  an  average  pressure  at  the  handle  of  40  lbs.  to  50  lbs.  ^t  this  high  estimate 
should  only  be  used  in  calculating  when  a  weight  is  to  be  lifted  during  some  minutesy 
and  not  when  the  work  is  constant.  For  driying  machinery  affording  a  constant  resist- 
ance during  several  hours,  the  lower  estimate  of  the  man's  power,  viz.  3,300  lbs.  raised 
one  foot  high  in  one  minute,  should  be  taken. 

In  carrying  a  load  on  his  back,  over  level  ground,  a  man  can  develop  a  power  of 
about  8,000  lbs.  moved  over  one  foot  in  one  minute.  In  carrying  a  load  up  a  staircase  his 
power  is  equivalent  to  2,000  lbs.  lifted  one  foot  high  in  one  minute.  In  dragging  a  hand- 
cart on  level  ground  his  power  is  about  20,000  lbs.  moved  one  foot  in  one  minute.  lu 
rowing  a  boat  the  power  developed  is  about  25,000  lbs.  moved  one  foot  in  one  minute. 

For  temporary  efforts,  the  following  estimates  have  been  made : — ^A  man  can  bear  for 
a  short  time,  standing  still,  about  300  lbs.  weight.  He  can  lift  vertically  about  280  lbs. 
He  can  grasp  by  his  hand  with  a  pressure  of  about  100  lbs. 

The  principal  applications  of  manual  labour  are  not  those  in  which  great  force  is 
required  to  be  developed.  Dexterity  and  skill  of  manipulation  are  the  qualities  desired 
in  a  workman.    As  more  and  more  progress  is  made  in  mechanics,  so  does  the  necessity 
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for  employing  the  bodily  forces  of  men  diminish.  Indeed,  a  large  proportion  of  the 
skilled  workmen  now  employed  are  engaged  in  merely  watching  the  operation  of  self- 
acting  machines.  Machines  are  more  rigorously  true  in  the  work  they  perform  than  the 
hand;  but  they  are  limited  to  thf  constant  repetition  of  similar  operations.  They 
canntot  set  their  work,  adjust  their  own  movements,  or  vary  their  efforts,  as  man  can  do ; 
but  in  all  these  matters  they  may  be  controlled  by  man.  It  is  not  our  proyince  to 
inquire  into  the  moral  effect  produced  on  workmen  by  the  extended  use  of  self-acting 
machinery.  It  is  true  that  much  of  their  corporal  labour  is  sayed,  and  that  a  vast  deal 
more  w(»:k  is  done  more  economically ;  and  necessaries  and  luxuries  thus  brought  within 
the  reach  of  millions  who  would  else  be  deprived  of  them.  At  the  same  time  it  must 
not  be  forgotten  that  the  workman  is  to  a  certain  extent  degraded  into  a  mere  machine, 
only  a  little  elevated  above  that  whose  operations  he  watches  and  controls.  He  has  no 
longer  to  acquire  skill  and  dexterity  in  his  craft — ^machinery  does  the  work  better  than 
.he  could  ever  hope  to  do ;  he  has  not  to  think  out  the  easiest  and  most  effective  methods 
,of  performing  it — ^for  the  machine  does  a  certain  kind  of  work,  the  material  is  placed  on 
it,  the  power  is  applied,  and  he  has  only  to  look  on.  Farther,  the  kind  of  work  about 
•which  he  is  employed  almost  exclusively,  is  of  the  same  unvarying  character ;  and  he  is 
.thus  subjected  to  a  monotony  of  occupation  which  leaves  many  intellectual  faculties 
dormant.  In  former  generations  the  millwright  was  a  man  conversant  with  machinery 
in  general,  and  with  the  various  operations  required  in  its  manufacture  and  application. 
He  could  make  patterns,  mould,  forge,  tmm  and  fashion  timber  and  metal  to  his  uses, 
and  generally — ^we  may  say  necessarily — ^was  a  man  of  intelligence  and  ingenuity.  Now 
we  have  pattern-makers,  moulders,  smiths,  turners,  fitters,  and  workmen  for  attending 
planing,  screwing,  slotting,  punching,  and  other  machines ;  all,  in  a  manner,  differ^at 
trades,  requiring  no  versatility  of  mechanical  talent,  and  not  even  dexterity  of  hand. 

No  doubt  the  vastly  increased  quantity  of  work  is  now  done  in  all  the  better  style 
for  this  subdivision  of  labour ;  but  we  fear  the  moral  and  intellectual  character  of  the 
workman  is  considerably  lowered. 

2.  If  atwral  BIOTements  of  Air  and  Water. — History  affords  us  no  infor- 
mation as  to  the  period  when,  or  the  race  by  whom,  the  movements  of  the  winds  and 
tidea  were  converted  into  useful  mechanical  forces.  Many  savage  nations,  who  for  ages 
Qould  have  had  no  intercourse  with  people  more  civilized  than  themselves,  possess 
vessels  that  float  on  the  surface  of  the  waters,  impelled  by  the  wind  or  the  tidal  currents 
of  the  sea  and  rivers,  as  well  as  by  oars;  and  it  is  probable  that  the  idea  of  utilizing 
the  motion 4>f  the  wind.or  the  current  of  the  water  has  suggested  itself  to  many  separate 
individuals,  without  any  communication  among  each  other.  The  most  simple  mode  of 
applying  the. force  of  wind  is  that  which  is  of  most  general  use,  the  propulsion  of  vessels 
on  the  water.  The  most  casual  observation  of  the  natural  effects  of  wind  shows  its 
greater  power  on  large  surfaces  than  on  small  ones ;  and  a  little  reflection  would  offer  a 
reason  for  this,  and  suggest  the  extension  of  surface  to  receive  the  pressure  of  aerial 
currents  when  greater  force  is  sought  to  be  derived  from  them.  A  savage  floating  in 
his  canoe  finds  that,  by  holding  up  the  blade  of  his  oar  to  catch  the  favourable  breeze, 
he  makes  progress  witiiout  effort;  by  holding  up  two  oars,  the  velocity  of  his  progress 
is  increased ;  and  by  stretching  between  the  oars  a  mat  or  skin  so  as  to  increase  largely 
tiie  surface  on  which  the  wind  can  press,  the  speed  of  his  canoe  is  proportionally 
augmented.  From  the  first  rude  notion  of  a  sail,  the  steps  of  transition  to  the  complex 
rigging  and  arrangements  of  canvas  in  a  first-rate  man-of-iwar  are  easy  and  obvious ; 
indeed,  in  making  use  of  wind-powec  finr  propellipg  yessels,  there  are  only  twe  pqmts 
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reqairing  consideranbn :  those  are,  first,  the  quantity  of  the  force  developed  or  required ; 
and,  secondly,  the  direction  in  which  it  is  to  be  made  -to  act  The  amount  of  wind- 
force  depends  upon  the  velocity  of  its  moTement,  and  the  quantity  of  surface  on  which 
it  acts.  At  first  sight  it  might  appear,  that  by  doubling  the  velocity  of  the  wind  we 
should  double  its  pressure  on  a  certain  area :  but  this  is  by  no  means  the  case,  for  on 
doubling  the  velocity,  the  pressure  is  quadrupled;  on  tripling  the  velocity  the  pressure  is 
increased  nine*  times ;  and  so  on,  the  pressure  being  always  proportioned  to  the  square  of 
the  vebcity,  or  the  velocity  multiplied  by  itself.  On  a  little  consideration,  this  law 
becomes  obvious,  as  we  will  endeavour  to  show.  Let  us  suppose  the  air  to  consist  of  a 
number  of  particles  or  molecules ;  even  if  it  do  not  consist  of  actual  solid  particles,  we 
may  at  all  events  suppose  it  to  consiBt  of  a  number  of  separate  masses,  as  small  and 
light  as  we  please ;  and  though  rare  and  attenuated  as  compared  with  solid  bodies,  yet 
certainly  as  much  as  they  subject  to  the  general  laws  which  govern  all  matter.  Now, 
if  we  double  the  speed  with  which  any  one  of  these  masses  moves,  we  double  the  force 
with  which  it  strikes  on  any  body  placed  in  its  way ;  if  we  triple  its  speed,  we  triple 
the  force  of  its  blow;  and  so  on,  the  force  being  always  exactly  proportional  to  the 
velocity  when  any  one  mass  or  particle  is  taken  into  account  But  when  we  extend 
our  conception  to  the  motion  of  an  unlimited  number  of  such  particles,  which  consti- 
tutes a  continuous  fluid,  we  observe  that,  by  doubling  the  speed  of  the  fluid's  motion, 
we  double  the  number  of  masses  striking  any  body  opposed  to  it  in  a  giren  time ;  by 
tripling  the  speed  we  triple  the  number  strikhig ;  and  so  on,  the  number  of  particles 
striking,  as  well  as  the  force  of  each,  being  proportional  to  the  velocity  of  movement 

Upon  the  whole,  then,  the  pressure  on  any  surface,  arising  from  a  Continuous  series 
of  blows  from  masses  of  air,  must  be  as  tiie  force  of  each  multiplied  by  the  number  in  a 
given  time ;  and  as  on  doubling  the  velocity  the  number  is  doubled,  and  the  force  or 
pressure  is  2  X  2,  or  4  times,  on  tripling  the  velocity  the  pressure  is  8  X  3,  or  9  times, 
and  so  on,  the  pressures  being  always,  as  we  have  stated  above,  proportional  to  the 
velocities  multiplied  by  themselves  or  the  squares  of  the  velocities.  It  is  convenient  to 
estimate  the  pressures  of  wind  currents  on  some  unit  of  sur&ce,  such  as  one  square  foot, 
while  the  velocities  are  generally  stated  as  being  at  a  certain  number  of  miles  per  hour. 
The  following  table  gives  the  pressures  per  square  foot  of  surface  produced  by  winds  of 
different  degrees  of  strength,  as  distinguiBhed  by  their  respective  names,  with  the  oor^ 
responding  velocities  in  miles  per  hour. 

Table  of  the  V^oeitiet  of  Winde  in  mOee  p0r  hauTf  and  their  pretwrtt  in  tte. 


ona 

emfaeeof 

Miles 

PreHttN* 

per  hour. 

Ibe. 

Hardly  perceptible         .        .          1 

0005 

Gentie  breeze 

6 

0123 

Brisk  gale      .        . 

10 

0-492 

Very  brisk  gale 

20 

1-968 

High  wind    • 

>- 

SO 

4-429 

Very  high      . 

40 

7-873 

Storm    . 

60        . 

12-300 

Great  storm  . 

60        . 

17-716 

Hurricane 

80 

.        31-490 

The  following  is  4  simple  rule  for  determbifog  veiy  nearly  the  presmm  per  iqnai« 
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fiwt,  irhon  the  Telocity  In  milM  per  hour  !•  kBHOwn :— Mvltiply  tiie  TeUmty  by  itself; 
Mt^  tKe  product^  vi4  poml  off  two  flguei  to  the  right 

E^smpU  l.^E«quired  the  prewure  of  *  wiad  Uoiring  at  40  miles  per  hour. 
40  X  40  =  1600 ;  hdf  k  800;  pointing  off  2  figures,  we  haye  8  lbs.,  which  nearly 
egroea  with  7^873,  th«  pressure  in  the  table. 

Sxt^mpU  2.— £eqmi«d  the  prsMore  of  a  tempest  at  70  miles  per  hour. 

70 
70 

2)4900 

24-50  lbs. 

The  presmri  of  awind  on  any  enrfSEUse,  snch  as  a  square  foot,  being  known,  it  is  easy 
to  estimate  that  on  any  other  snrfitee;  for  if,  instead  of  1  square  foot;  2  square  feet  were 
opposed  to  the  wind,  we  should  find  the  pressure  doubled ;  on  8  square  feet  it  would 
be  tripled  ;  and  to  on  in  regular  propcwtion.  Knowing,  then,  the  velocity  of  the  wind, 
we  compute  ita  preeatice  on  any  known  sorfiee  by  multiplying  the  pressure  on  1  square 
foot  by  the  aurfaco  in  square  feet  Thus,  if  we  wished  to.ascertain  the  pressure  oi  a 
pie  at  20  mHeii  per  kour  on  a  ship's  sail  20  foet  wide  by  30  feet  high,  since  20  x  30  =: 
dOO  square  feet  ^  sur&ce,  and  the  pressure  of  the  gale  on  1  square  foot  being  nearly 
21b8.,  we  hare  600  sq.  ft.  X  2  lbs.  =  1200  lbs.,  the  total  pressure  on  the  sail. 

When  the  wind  is  made  use  of  as  a  mimng  Ibroe,  the  surface  on  which  it  blows 
must  movo  with  it,'  for  if  it  simply  rested  oppoeed  to  the  air,  it  would  sustain  pressure 
bat  deyelop  no  moving  force.  The  sail  of  a  ship  at  anchor  is  certainly  pressed  on  by 
the  wind,  and  tends  to  fbroe  tiie  vessel  from  its  moorings ;  but  until  it  does  force  it,  no 
moving  power  is  developed,  for  no  motion  is  produced.  But  when  a  ship  is  in  motion, 
the  sail  is,  to  a  certain  extent,  going  with  the  wind,  and  therefore  receives  a  pressure 
due  only  to  the  excess  of  the  velocity  of  the  wind  over  that  of  the  ship.  Suppose  the 
wind  were  blowing  at  the  rate  of  ten  nules  per  hour,  and  the  ship  sailing  before  it  at 
the  rate  of  seven  mUes  per  hour,  the  actual  velocity  with  which  the  wind  strikes  the 
sail  is  only  three  mUes  per  hour,  the  difforenoe  between  its  rate  and  that  of  the  ship. 
The  pressure  on  the  sail  is,  therefore,  only  that  due  to  three  miles  per  hour.  If  we 
suppose,  now,  that  the  velooity  of  the  wind  increased  to  twenty  miles  per  honr,  the 
speed  of  the  vessel  propelled  would  also  be  increased  probably  to  fourteen  miles  per 
hour,  and  the  pressure  on  the  sail  would  be  that  due  to  six  miles  per  hour,  the  exoessof 
twenty  over  fourteen. 

Theoretically,  as  the  resistance  to  the  vessel's  motion  is  that  of  the  fluid  in  which  it 
moves,  the  pressure  due  to  increased  velocity  should  foUow  the  same  law  as  that  of  the 
wind,  and  the  example  given  above  would  be  a  probable  case.  In  practice,  however, 
the  form  of  the  vessel,  Ihe  disturbance  of  the  surface  of  the  water,  the  bagging  of  the 
sails  under  increased  pressure,  and  other  circumstances^  affect  the  regularity  of  the  laws 
of  waler-resitftanee  and  wind-pressure  so  much,  that  we  are  not  in  a  condition  to  com- 
pute accurately  the  ratio  of  the  speed  of  the  vessel  to  the  velocity'  of  the  wind.  Were 
the  sail  of  a  vessel  fixed  in  a  middle  position,  and  the  vessel  itself  capable  of  moving 
with  equal  ease  in  any  direetioii,  aa  it  would  be  if  it  were  made  quite  circular  instead  of 
being  long  and  narrow,  the  vessel  would  be  propelled  exBctly  in  the  direction  in  which 
the  wind  might  blow.  But  as  this  rcfiult  would  by  no  inean»  suit  the  yiewa  of  men . 
desiring  to  e^  in  soma  particular  direction,  it  ii  n^seflsaiy  to  coi^ve  the  fbnn  of  the 
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▼easel)  and  the  poaltioii  of  the  sails,  so  that  the  pTessure  of  the  wind  in  one  direction 

may  be  converted  into  a  pressure  in  another  direction.  The  vessel  is  therefoire  made 
long  and  narrow,  so  that  it  may  be  subject  to  much  less 
resistance  firom  the  water  when  moving  in  the  direction  of 
its  length,  than  if  it  were  to  move  sideways ;  the  sails 
are  made  capable  of  being  turned  about  to  di^Rsr^it  angles 
with  the  length  of  the  vessel,  so  as  to  receive  the  wind 
obliquely;  and,  to  direct  the  vessel  and  overcome  any 
tendency  of  the  wind  to  blow  the  front  or  back  part  of  the 
vessel  round  out  of  its  proper  course,  a  rudder  or  helm  is 
mounted  at  the  stem,  to  balance,  by  its  resistance  in  the 
water  on  one  side  or  the  other,  the  force  tending  to  make 
the  vessel  deviate.  When  the  wind  strikes  on  a  surface 
presented  to  it  obliquely,  its  pressure  is  diminished^ 
Suppose  a  certain  sur&cc  five  feet  wide  (Fig.  101)  ex- 
posed directly  to  the  wind,  or  at  right  angles  to  the 
direction  of  the  wind,  the  pressure  on  it  may  be  con- 
sidered to  be  made  up  of  five  pressures  each  on  one  foot  of 
the  width.  But  if  the  same  surfeuje  be  turned  obliquely 
to  the  wind,  so  that  while  the  surface  itself  still  remains 
five  feet  wide,  the  quantity  of  air  intercepted  is  to  be 
meastred  by  three  feet  in  width,  the  lengdi  of  the  line 
drawn  at  right  abgles  to  the  direction  of  tiie  wind  inter- 
cepted between  parallels  to  it  from  the  extremities  of  the 
surface,  then  the  pressure  is  only  that  on  tiiree  feet  of 
surface. 
But  besides  the  loss  of  surface  from  obliquity,  there  is  filso  a  loss  in  intensity  of 

pressure.    A  column  of  air  A  D 

(Fig.   102)    striking   a    surface  r  * 

exposed  obliquely  to  it,  would 

be  reflected  in  B  B,  and  press 

upon  the  surface  at  right  angles. 

The  quantity  of  pressure  com-    M 

pared  with  what  it  would  be  if 

the  surface  were  not  oblique,  is 

found  by  taking  A  D  any  length, 

to  represent  the  direct  pressure, 

and    drawing    A  C    and   D  0 

parallel  and  perpendicular  to  the 

oblique   surface.      Then    while 

A  D  measures  the  direct  impulse,  ^' 

G  D  measures  its  effective  impulse  to  move  the  surface  in  the  direction  I)  E,  and 

A  C  measures  the  loss  from  obliquity,  or  the  amount  of  force  expended  parallel  to 

the  oblique  surface,  and  therefore  not  effective  upon  it.    But,  farther,  it  is  seldom  the 

case. that  the  effective  pressure  of  the  wind  on  the  surface  of  a  sail  set  obliquely  to  it  is 

employed  directly.    If  A  B  (Pig.  103)  represent  the  surface  of  the  sail  of  a  vessel,  C  D 

Jiie  direction  of  the  wind,  D  E  the  direction  of  the  vesseVs  course,  we  may  take  C  D 

ngth,  representing  the  force  of  the  wind ;  then  G  F,  perpendicular  to  the  sail. 
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measorai  its  effective  foroe  on  tiie  oul,  and  the  length  of  C  O,  parallel  to  D  £,  and 
intercepted  by  F  O, 

which  is  perpendi-  /^ 

cular  to  D  £,  mea- 
sures the  effectiye 
force  in  the  direc- 
tion of  the  ship's 
<>oiirse.  The  line 
F  6  measures  the 
effort  of  the  wind 
to  propel  the  vessel 
sideways,  or  to  make 
what  is  technically 
called  leeway. 

We  may  take  a 
practical  example  as 
an  illustration  of 
how  the  effective 
impulse  of  the  wind 
may  he  computed : — ^A  sail 


Fig.  lOS. 


feet  wide  and  20  high  is  set  with  its  edges  directed 
to  N.W.  and  S.E. ;  the  wind  blows  at  30  miles  an  hour  from  the  south,  and  the 
vessel  Bails  due  east  with  a  speed  of  10  miles  per  hour.    Having  drawn  a  plan  of  the 


Fig.  IM. 


vessel  (Fig.  104),  showing  D  C  the  direction  of  the  wind^  and  A  B  that  of  the  sail,  in  ih 
first  place  from  A  and  B  we  draw  paraUels  to  D  C,  cutting  off  F  G,  the  effective  width 
of  sail  to  receive  the  wind.  A  B  measures  20  feet,  and  F  G  would  be  found  to  measure 
about  14  feet ;  therefore  the  effisctive  surface  of  the  sail  is  14  widtii  X  20  height  =280 
squaie  feet.    IfaJe  velocity  of  the  wind  30  milea  per  hour  being  represented  by  D  C,  its 
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▼dooity,  resolred  perpendictdarly  to  the  sail,  is  measured  by  D  H,  about  21  miles  per 
hour.  This  Telocity,  resolyed  into  D  E,  in  the  direction  of  the  TeBsel's  course,  becomes 
15  miles  per  hour,  which  is  to  the  actual  speed  of  the  yessel,  10  miles,  as  3  to  2.  The 
pressure  on  the  siuface  of  the  sail  is  not  that  dUe  to  21  nules  per  hour,  the  measurement 
of  D  H,  because  the  vessel  and  sail  are  continually  escaping  from  the  wind ;  but  to  the 
excess  of  D  H  over  the  speed  of  escape,  or  the  same  part  of  21  as  5  (the  excess  of  the 
wind's  Telocity  in  D  E  over  10,  the  velocity  of  the  vessel)  is  of  15,  the  wind's  velocity 
in  D  E.  As  5  is  Jrd  of  15,  and  7  is  Jrd  of  21,  the  effective  pressure  on  the  sail  is  thi^ 
due  to  7  miles  per  hour — about  0*245  lbs.  per  square  foot.  This  multiplied  by  280 
square  feet,  the  effective  surface  of  the  sail,  gives  6S^  lbs.  for  the  pressure  tending  to 
blow  off  the  sail  from  the  mast  while  the  vessel  is  moving  at  10  miles  per  hour.  Were 
the  motion  of  the  vessel  entirely  obstructed,  the  pressure  on  the  sail  would  be  that  due 
to  21  miles  per  hour,  about  2  J  lbs.  per  square  foot,  or  280  X  2^  =  630  lbs.  The  ten- 
dency of  the  wind  to  produce  leeway,  or  to  force  the  vessel  sideways  from  its  course, 
happens  in  this  case  to  be  the  same  as  its  direct  force,  forE  H  is  equal  to  I)  E.  If  the 
vessel  be  6  times  as  long  as  it  is  broad,  the  resistance  to  its  movement  sideways  should 
b^  6  times  that  to  its  direct  movement,  without  taking  into  consideration  the  form  of  the 
part  immersed.  The  sha^e,  however,  is  made  so  as  to  offer  as  much  resistance  as  possible 
sideways ;  so  that,  under  equal  impulses,  the  resistance  to  side-movement  or  leeway  may 
probably  be  at  least  10  times  that  to  direct  movement.  It  might  be  possible  to  cam^ 
pute  the  angle  at  which  a  sail  should  be  set  when  the  direction  of  wind  and  the  course 
of  the  vessel  are  given,  so  as  to  obtain  the  greatest  possible  effect.  But  as  in  practice 
the  sails  of  a  vessel  are  numerous  and  various  in  position  and  direction  of  action,  it 
would  be  difficult  to  apply  such  computation.  A  sailor,  after  a  few  trials  of  his  vessel 
under  sail,  is  able  to  estimate  very  correctly  the  angles  of  his  sail  and  course  with  the 
direction  of  the  wind,  so  as  to  get  the  best  effect.    If  the  wind  blow  almost  directly 


Tig.  105. 


against  the  ship,  it.  is  necessary  to  tack.    If^  for  instance,  in  sailing  from  A  to  B  (Fig. 
I05)t  the  wind  blew  from  B  towards  Ay  or  nearly  iso,  the  vessel  would  be  steered  in 
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yarious  tacks  or  directions  oblique  to  that  of  the  wind,  making  progress  on  the  whole., 
The  choice  of  those  tacks,  so  as  to  get  over  the  girefl  distance  with  as  little  deviation  as 
possible,  or,  at  all  events,  to  do  it  with  the  least  possible  loss  of  time,  is  an  important 
part  of  the  sailor's  art. 

The  force  of  wind  has  occaaionallj  been  applied  to  moving  bodies  on  land,  but  not 
in  a  manner  that  can  be  generally  used.  Some  of  the  Arctic  voyagers  having  to  travel 
long  distances  in  sledges  over  ice,  have  taken  advantage  of  a  favourable  wind  to  propel 
tiieir  vehicles  by  means  of  kites  attached  to  them.  Chariots  have  also  been  made  with 
sails,  so  as  to  be  propelled  by  wind  along  a  road  as  ships  are  propelled  at  sea.  But  the 
micertainty  and  variations  of  the  wind  render  such  applications  of  its  power  matters  of 
curious  experiment  rather  than  of  practical  utility» 

For  giving  motion  to  machinery,  windmills  have  been  and  still  are  very  extensively 
used.  Engineers  of  the  last  generation  devoted  great  attention  to  the  construction  of 
windmills,  and  brought  them  to  great  perfection.  The  introduction  of  steam-power — a 
power  economical,  manageable,  and  idways  to  be  dei>ended  on — ^has,  in  a  great  measure, 
superseded  that  of  wind  as  a  mover  of  machinery.  It  is  true  that  after  the  first  cost  of 
a  windmill,  the  power  is  comparatively  inexpensive ;  but  it  is  so  variable  in  intensity — 
sometimes,  when  it  is  not  required,  exerting  great  force,  and  sometimes,  when  it  may  be 
most  wanted,  totally  ineffective — ^that  it  is  generally  preferable  to  apply  a  force,  perhaps 
considerably  more  expensive  in  its  production,  but  constant,  steady,  and  completely 
under  control. 

Windndlla  axe  of  two  kinds,  horizontal  and  vertical  The  former  have  been  very 
little  used,  for  it  is  found  in 
practice  that  they  are  by  no 
means  so  effective  as  the  latter. 
The  mode  of  constructing  a 
horizontal  windmill  is  like  that 
represented  on  the  plan  (Fig. 
106),  or  some  modification  of 
the  same  principle  of  construc- 
tion. A  wheel  mounted  on 
a  vertical  axis  or  shaft,  and 
having  flat  vanes  or  boards 
fitted  round  its  circumference, 
is  inclosed  in  a  circular  casing, 
which  is  fitted  with  boaj^s 
fixed  obliquely,  or  in  such 
Hnes  as  if  produced  inwards 
would  touch  the  circimifereik(;o 
of  the  wind-wheel.  By  this 
arrangement  the  wind,  from 
whatever  point  it  may  blow, 
causes  the  wheel  to  revolve  in 
the  same  direction.  Part  of 
the  breeze  passes  between  the  ^»*  ^^^ 

oblique  boards  -of  the  casing,  and  ecte  on  the  blades  of  the  wheel  \  while  pari;  is  inter- 
cepted by  the  boards,  and  either  reflected  inwards  ao  as  t»  propel  the  blades  in  the  same 
direction,  or  reflected  outwards  so  as  not  to  act  upon  them  in  the  opposite  dlrectioiu 
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Sometimei  horicontal  windmilU  haye  been  made  yrifh  a  casing  partially  «urroimd- 

•  ing  the  irind-wheel  (Fig.  107), 

and  capable  of  being  tnraed 
round  by  means  of  a  Tane,  so  as 
to  permit  the  wind  only  to  act  on 
one  side  of  the  wheel,  while  llie 
other  is  completely  sheltered. 

The  yertical  windmill,  as  is 
well  known,  consists  of  an  asde 
or  shaft,  nearly  homontal, 
monnted  in  bearings  at  the 
summit  of  a  tower,  with  fonr 
or  more  blades  or  sails  attached 
to  it.  These  sails  are  set  at 
an  angle  with  the  axis,  so  that 
when  the  wind  blows  directly 
on  the  £ace  of  the  mill,  ita  ob- 
lique action  on  the  sails  is  re- 
solved into  two  forces— one  in 
the  direction  of  the  axis,  and 
the  other  perpendicular  to  it, 
Fig.  107.  the  direction  in  whifch  the  sails 

revolve.    Numerous  experiments  and  computations  were  mi^  to  determine  the  moat 

advantageous  angles  for  setting  tiie  sails,  and  their  mort  eifecUve  forms  and  proper- 

tions.    If  we  suppose 


the  radius  of  a  sail 
divided  into  six  equal 
parts  (Fig.  108),  and 
circles  traced  through 
the  points  of  division, 
the  velocity  of  each 
point  in  revolving  is 
proportional  to  the 
part  of  its  circle  inter- 
cepted between  two 
radii,  or  proportional 
to  its  owTi  radius. 
If,  then,  we  make  a 
series  of  plans  of  the 
sail  at  these  different 
parts,  we  see  that 
as  we  approach  the 
centre  we  should  in- 
crease the  obliquity  of 
the  sail  to  its  plane  of 


Fig.  108. 


tne  sau  to  ira  piane  ui  *        ^v    •       f-^  nf  Ae 

motion,  so  as  to  allow  for  its  more  slow  escape  sideways  from  tiie  imp^  or 
wind.    The  sails  accordingly  are  not  made  flat  surfaces  incUned  equally  to  the  pwneo 
their  revolution,  but  sur&ces  of  varying  inclination,  somewhat  like  portion^  of  acreir 
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blades,  twisting  as  it  were  from  a  certain  obliquit j  at  their  extremes  to  a  greater 
obliquity  at  the  centre.  The  angles  found  most  advantageous  in  practice  are  given  b j 
the  celebrated  engineer  Smeaton  as  follow,  as  well  as  those  used  hj  some  other 
engineers : — 

Distance  from  centre    1    ..     2    ..     3    ..     4    ..     6      ..6 

Inclination  to  plane  of  motion  (Smeaton)  18"  ..  19"  ..   18"  ,.  16"  ..  12i*  ..  7* 

„  „  (otherwise).,  24"  ..  21"  ..  18"*  ..  14"  ..     9»     .,  3" 

In  the  angles  given  by  Smeaton,  an  irregularity  is  observed  in  the  first,  which  should 

by  theoretical  reasoning  be  greater  than  the  second ;  whereas  Smeaton  makes  it  less. 

The  following  rule  may  be  adopted  as  a  very  near  approximation.    To  find  the  angle 

at  which  the  sail  should  be  inclined  to  the  plane  of  revolution  at  any  distance  from  the 


£ule, — Multiply  18  twice  by  the .  distance  from  the  centre,  divide  the  product  twice 
by  the  total  radius,  and  subtract  the  quotient  from  23 ;  the  remainder  is  the  inclination 
in  degrees. 

Example, — In  a  windmill  60  feet  in  diameter,  required  the  inclination  of  the  sail 
20  feet  from  the  centre. 

18  X  20  X  20 

Here  30  feet  is  the  total  radius,  and  — -.  ..  ,. —  =  8,  which,  subtracted  from  23, 

oU  X  vU 
gives  15",  the  angle  of  that  point 

Were  we  to  divide  the  radius  30  feet  into  6  equi^  parts,  and  calculate  the  angles  at 
each  point,  we  should  find  them  correspond  nearly  with  the  means  of  those  given  by 
Smeaton  and  others,  as  may  be  seen  by  the  following  table : — 


Parts  of  radius 

1 

2 

3 

4 

5 

6 

Distances  from  centre    .... 

5  feet 

10  feet 

15  feet 

20  feet 

26  feet 

30  feet 

Angles  (Smeaton)   

Aneles  f oth^rs^   

18" 
24" 

19" 
21" 

18" 
18" 

16" 
14" 

T. 

7" 
3^ 

Means 

21" 
22J" 

20" 
21" 

18* 

isr 

16" 
15" 

lor 

lOj" 

&" 

Angles  by  the  rule 

6° 

Difference  fr^m  means  .... 

W 

1" 

¥ 

0 

V 

0" 

Having  determined  the  proper  inclination  of  the  sails  at  different  distances  from  the 
centre,  it  next  becomes  important  to  inquire  how  much  of  the  surface  of  the  whole  circle 
should  be  filled  with  sails.  Hills  are  generally  made  with  four  strong  wooden  arms,  or 
radii,  fixed  firmly  in  a  central  socket,  and  steadied  and  stiffened  by  tie-rods,  connecting 
their  extremities  together,  and  with  a  projecting  strut  on  the  central  boss.  The  width 
of  each  sail  at  the  extreme  should  be  about  half  of  the  radius,  so  that  ia  a  mill  60  feet 
diameter,  or  30  feet  radius,  each  sail  would  be  15  feet  wide  at  the  extreme.  The  part 
of  the  arm  next  the  centre  for  about  ^th  of  the  radius,  that  is  6  feet  in  the  case  supposed, 
is  not  fitted  with  sails,  because  the  surface  there  is  so  little  effective,  as  well  from  its 
short  leverage  as  from  its  obstructing  the  wind  reflected  from  the  head  of  the  turret 
behind  it.  The  width  at  the  inner  end  should  be  }rd  of  the  radius,  or  10  feet.  The 
sorfEUie  of  each  sail  is  therefore  Z12\  square  feet,  and  the  total  of  the  four  is  312^  X  4 
r=  1,250  square  feet. 

VOL.  IX.  "^ 
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The  total  area  of  a  circle  60  feet  in  diameter  is  somewluit  aboye  2,800  square  feet,  so 
that  not  half  the  surface  of  the  circle  is  clothed  with  sails.  There  would  be  no  disadvan- 
tage in  extending  the  surface  by  making  the  sails  broader,  or  more  numerous,  until  it  be- 
came f  ths  of  the  whole  sur&ce.  Beyond  this,  additional  sail-surface  is  disadyantageous, 
for  it  appears  to  obstruct  the  fr&d  passage  of  the  cun^nts  reflected  £ix)m  the  sails,  and  thus 
clog  their  motions.  It  is  found  advantageous  to  arrange  the  surface  of  a  sail  somewhat 
in  the  proportions  of  the  diagram  (Fig.  109),  which  represents  the  front  yiew  of 
one  saiL 
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The  covering  of  the  surface,  so  as  to  catch  the  impulse  of  innd,  formerly  consisted 
of  canvas  fixed  on  a  roUer  at  one  side  of  the  arm,  on  which  it  could  be  rolled  like  a  win- 
dow-blind ;  or  "firom  which  it  could  be  unrolled  so  as  to  cover  the  ^holp  sail,  which  was 
filled  in  with  wooden  framing  to  support  the  canvas  pressed  against  it  by  the  wind. 
Sometimes  the  canvas,  instead  of  being  in  one  sheet,  was  subdivided  into  numerous 
separate  sheets  mounted  on  rollers ;  and  apparatus  was  provided  4o  that  the  canvas  might 
be  wound  on  the  rollers  or  unwound  at  pleasure,  while  the  mill  was  in  motion.  As  the 
wind  is  exceedingly  variable,  and  as  the  quantity  of  woik  required  of  the  miU  also  might 
vary  to  a  considerable  extent,  it  was  found  necessary  to  pro^e  some-apparatus  by  which 
the  mill  might  regulste  itself  so  that  its  velocity  should  not  be  excessive  at  one  time 
and  too  smadl  at  another.  One  mode  of  effecting  this  object  was  to  apply  to  the  ma- 
chinery of  a  mill  a  ^ovemoi,  13ce  that  of  a  steam-engine  (which  we  shall  have  occasion 
to  describe  in  detail  hereafter).  This  ^governor  consists  of  two  heavy  balls  suspended 
from  the  summit  of  a  vertical  revolving  spindle  by  jointed  rods  (Fig.  110)«  The  spindle 
being  at  rest,  the  balk  hang  dose  to  it  on  each  «ide.;  but  on  the  spindle  being  caused  to 
revolve  rapidly,  the  bafis,  impdled  by  centrifugal  force,  fly  away  from  the  central  axis, 
as  marked  by  the  dotted  lines.  A  system  of  levers  and  rods  connected  this  apparatus 
with  the  saH-roUers,  so  that  when  the  balls  flew  outwards  from  increased  velocity,  the 
sails  were  furled ;  and  when  they  fell  inwards  from  diminished  speed  of  revolution,  the 
sails  were  unfurled.  The  quantity  of  surface  thus  presented  to  the  wind  was  adjusted  to 
its  force,  and  a  tolerably  equable  velocity  of  the  machinery  was  attained.  In  some 
more  reoent  mills  an  ingenious  contrivance  for  reg^ulating  the  sur&ce  of  sail  according 
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to  ihe  force  of  tiie  wind  hat  been  fnccessfiiUy  adopted.    The  laOa  oontist  of  a  framework 

iDIed  in  with  Ion- 

TTO-ooards  hinged 

on  pirot-pinf  near 

one  of  their  edges, 

tnd  all  oooneeted 

\ij  lef?en  and  rods 

inthasliding-boss 

on  the  central  axis    ^^ 

of  the   windmill  / 

(Fig. 111).  When/ 

the  wind    Uows  \ 

itrongly     against    ^^ 

tbe  louTre-boards, 

it  forces  them  out 

of  theirrertieal  po- 

ation,  and  passes 

freely  through  die 

openings  between 

^em.  Thesurfiuie 

of  thesaUsis  thus 

dimmiahed  by  tb  ^*  ^^O- 

pieanire  of  the  wmd  itself.  To  prevent  its  being  too  much  diminished,  the  sliding-boss 
connectod  with  the  louyre-boards  is  pressed  upon  by  a  lerer  loaded  by 
a  certain  weight  sufficient  to  balance,  as  &r  as  may  be  desirable,  the 
pressure  tending  to  force  aside  the  louyres,  and  thus  to  keep  them,  to 
a  certain  extent,  up  to  their  work.  When  the  load  on  the  null— that 
is  to  say,  the  quantity  of  work  effected  by  it — ^is  yaried,  the  weight 
may  be  raried  accordingly ;  and  thus  the  effectire  amount  of  surface 
in  the  sails  ma^  be  adjusted  to  the  average  force  of  the  wind,  and  the 
work  to  be  done  by  it  When  the  wind-force  exceeds  or  falls  short  of 
its  average,  the  greater  or  less  inclination  of  the  louvres  very  nearly 
compensates  for  the  variation. 

The  sails  of  a  windmill  should  directly  face  the  wind  in  order 
to  receive  its  most  advantageous  action ;  but,  as  the  direction  of  the 
wind  often  changes,  it  is  necessary  to  adopt  some  arrangement  for 
varying  that  of  the  mill-shaft  accordingly.  The  summit  of  the  mill- 
tower,  in  which  the  mill-shaft  is  mounted,  is  therefore  made  to  re- 
volve, so  that  at  any  time  the  direction  of  the  shaft  may  be  varied,  and 
^  /£s  the  sails  presented  to  the  wind.    In  old  milk,  and  indeed  in  many 

J^^^  I     small  mills  still  existing,  this  change  of  direction  is  effected  by  hand. 
X  I       -^  ^^^S»  le^e'  is  fixed  to  the  moveable  cap  or  summit  of  the  tower,  and 

X  extends  obliquely  to  the  ground.    The  miller  watches  the  direction 

w  of  the  wind,  and  by  moving  this  lever  turns  the  cap  round  to  its 

Fig.  111..  proper  position.    But  in  large  mills  this  would  require  considerable 

power;  and,  moreover,  constant  attention  would  have  to  be  paid  to  the  changes  of 

the  wind.    Were  a  single  change  neglected,  the  mill  might  be  destroyed ;  for  as  the 

•tfls  are  made  and  strengthened  by  tie-rods  to  receive  the  wind's  pressure  on  their 
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iBLcef  a  change  of  the  wind  to  the  qppoute  direction  might  throw  a  great  strain  on  their 
back,  for  meeting  which  no  provision  is  made.  A  simple  mode  of  th'^^^c  the  chango 
of  direction  self-acting,  is  to  fit  the  back  of  the  cap  with  a  large  yane,  which,  like  that 
of  a  weather-cock,  would  cause  the  sails  to  be  presented  to  the  wind  from  whai- 
eyer  quarter  it  might  blowt  But  when  mills  sire  of  considerable  size,  the  yane 
would  require  to  be  very  large  and  cumbrous.  The  contriyance  generally  employed  is 
neat  and  ingenious.    Behind  the  cap  (Fig.  112),  on  the  side  opposite  that  through  which 

the  wind-shaft  passes,  a  framing  is 
made  to  project  outwards.  On  this 
framing  there  is  mounted  a  gw^all 
windmill,  on  an  axis  transverse  to 
that  of  the  main  arms.  The  cap 
rests  on  rollers  fitted  in  the  circular 
top  of  the  tower,  so  that  it  may  move 
freely  round ;  and  a  toothed  circular 
rack  is  also  fixed  on  the  summit  of 
the  tower.  A  spindle,  fitted  with 
beyil-gearing  so  that  it  may  be 
caused  to  revolve  by  the  revdution 
of  the  small  mill,  conveys  motion  to 
a  toothed  pinion,  which  gears  into 
the  circular  rack.  "When  the  main 
mill  has  its  face  presented  to  the 
wind,  the  small  one  stands  edgeways 
to  it,  and  therefore  remains  at  rest; 
but  as  soon  as  the  wind  veers,  it 
begins  to  act  on  one  side  or  the  other 
of  the  iimft^l  ynill,  and  thus  causes  it 
to  revolve.  The  pinion  is  thus  made 
to  travel  along  the  fixed  rack,  and 
turn  the  cap  of  the  mill  round  until 
the  main  mill  is  again  brought  to 
face  the  wind  in  its  new  directioo. 
This  arrangement  is  foimd  to  be  veiy 
effective;  and  "^yhen  it  is  properly 
applied,  the  null  requires  no  atten- 
tion in  respect  of  direction  to  the 
wind. 

In  estimating  the  velocity  with 
^'  ^^2.  which  the  sails  of  a  windmill  revolve, 

we  have  to  consider  not  only  the  foice  of  the  wind  upon  them,  but  also  the  resistance  to 
their  motion  occasioned  by  the  work  done  by  the  milL  A  B  (Fig.  113)  may  represent  the 
edge  of  a  surface  presented  obliquely  to  the  wind,  and  capable  of  moving  in  the  direction 
0  D  at  right  angles  to  that  of  the  wind.  If  the  surface  be  free  and  unresisted  in  its 
motion,  and  the  wind  be  considered  to  produce  its  full  effect  upon  it,  the  proportion  of 
its  velocity  to  that  of  the  wind  would  be  estimated  by  that  of  the  liixe  B  B'  to  the  line  B  A'; 
for  it  is  clear  that  while  the  wind  travels  over  the  distance  B.  A',  the  surface  moves  to  the 
position  dotted,  that  is  over  B  B'.     But  if  the  motiopa  of  the  sur&ce  be  resisted,  iti 
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velocity  in  relation  to  that  of  the  wind  in  diminished.  In  the  case  of  windmiU 
sails,  we  may  suppose  such  a  load  of  work  on  the  mill  that  the  yeloeity  of  the  sails  is 
not  more  than  half  what  it  would  be  were  there  no  resistance*  We  may,  therefore, 
A 


>  l> 
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assume  that  the  velocity  of  the  sail  relatively  to  the  wind  would  he  expressed  by  the 
ratio  of  half  the  length  of  the  Hue  B  B'  to  the  length  of  A  B'.  Taking  the  wind  as  a 
gentle  breeze,  the  velocity  of  which  in  the  table  is  about  6  miles  per  hour,  and  the 
inclination  of  the  sail  or  angle  A'  B  B'  half-way  from  the  centre  18*,  we  should  find  the 
half  of  B  B'  to  be  about  1|  times  A  B,  or  the  velocity  of  the  sail  1|  X  ^  =  7^  miles  per 
hour — about  660  feet  per  minute.  If  the  windmill  be  about  60  feet  in  diameter,  the 
diameter  of  the  middle  point  of  the  arm  is  30  feet ;  the  circmnference  of  the  circle  in 
which  that  point  revolves  is  94  feet,  and  the  number  of  revolutions  made  per  minute  is 
therefore  W — a^Jout  7. 

If  now  we  calculate  the  speed  of  the  extremities  6f  the  arms,  we  find  that  it  is 
1320  feet  per  minute,  or  about  15  nules  per  hour ;  three  times  that  of  the  wind,  which 
we  have  assumed  as  5  miles  i>er  hour.  Did  we  assume  a  wind  of  greater  velocity,  we 
should  have  to  take  into  account  the  self-regulating  arrangement,  which  diminishes  the 
amount  of  surfeu^e  exposed,  and  therefore  prevents  the  mill  from  attaining  so  much 
increase  of  speed  as  it  would  without  regulation.  Under  ordinary  circumstances  the 
speed  of  the  outer  extremities  of  the  arms  ranges  from  20  to  30  nules  per  hour.  We 
may  assume  30  miles  per  hour  when  the  wind  blows  at  10  miles  with  a  pressure  of 
about  ^  lb.  on  the  square  foot.  The  total  surface  of  the  sails  unfurled  in  a  mill  60  feet 
diameter,  is  1250  square  feet ;  we  may  suppose  half  lost  by  furling,  leaving  625  efiSec- 
tive.  As  the  surface  is  set  obliquely  to  the  wind,  the  pressure  in  the  direction  of 
motion  would  be  reduced  from  i  lb.  to  about  f  lb.  as  a  mean  over  the  whole  of  the  arms, 
giving  a  total  pressure  in  the  direction  of  motion  of  about  90  lbs.  The  mean  velocity 
of  the  arms  is  half  that  of  the  extreme,  15  miles  per  hour  or  1320  feet  per  minute.  Wo 
have,  therefore,  90  lbs.  moving  at  1320  feet  per  minute,  which  is  equivalent  to  a  force 
of  90  X  1330  ==  118,800  lbs.  moving  at  1  foot  per  minute.  A  horse-power  is  reckoned 
as  equivalent  to  33,000  lbs.  moved  1  foot  per  minute ;  therefore,  the  power  of  the  mill 
we  have  reckoned  is  about  3  J  horse-power. 

When  we  double  the  diameter  of  a  null,  we  quadruple  its  power,  for  we  quadruple 
its  effective  surface.  The  areas  of  circles  are  proportional  to  the  squares  of  their 
diameters ;  and  as  the  similar  parts  of  the  areas  are  occupied  by  sails,  tiiey  are  also  as 
the  squares  of  the  diameters. 

It  is  not  at  all  an  easy  matter  to  estimate  the  powers  of  windmills.  The  proper 
guide  as  to  power,  velocity,  and  construction  is  experience.  Some  of  the  works  of 
Smeaton  contain  much  valuable  information  respecting  this  branch  of  Practical  Mecha- 
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oics;  and  to  tfaiese  we  most  xeSet  eaoh  of  oar  readers  as  reqiiize  a  more  full  discussioiL 
of  the  subject  than  our  limits  permit  us  to  offer. 

As  a  force  applied  to  the  movement  of  mabhinery,  wind  has  few  advantages  except 
its  little  cost  after  the  first  outlay  for  a  windmill  has  been  made.  It  is  chiefly  available 
in  flat  coimtriesi  where  there  is  no  opportunity  of  obtaining  the  preferable  power  of 
water,  and  where  there  is  little  interruption  to  the  aerial  currents.  In  hilly  countries 
^  windmills  are  often  subject  to  derangement  from  the  exce«ive  force  of  the  gusts  of  wind 
that  oftenL.oocur  in  such  regions.  In  tropical  countries,  particularly  islands  and  places 
near  the  sea-shore,  Ihe  daily  occurrence  of  the  land  and  sea-breezes  occasioned  by  the 
action  of  the  solar  heat  on  the  land,  provides  a  certain  amount  of  wind-power  which 
may  be  almost  always  depended  on.  But  in  these  countries,  on  the  other  hand,  there 
often  occur  tornadoes  or  hurricanes  of  extreme  violence,  that  sweep  away  almost  every- 
thing that  may  oppose  their  progress ;  and  thus  frequently  destroy  windmills,  and  occa- 
sion renewed  outlay  in  their  re-construction.  The  principal  use  to  which  windmills 
are  devoted  in  temperate  climates  is  for  grinding  com ;  in  tropical  climates,  such  as  the 
"West  Indian  Islands,  they  are  employed  for  driving  sugar-cane  mills.  In  fenny  and 
marshy  countries,  such  as  Holland  or  some  of  the  eastern  counties  of  England,  they  are 
used  for  drainage,  either  by  working  pumps  or  turning  a  wheel  contrived  for  lifting  the 
drainage  water  from  the  surface  of  the  ground  into  canals  at  a  higher  level,  by  which  it 
is  carried  off  into  the  sea.  In  all  situations,  however,  where  tiie  cost  of  ftiel  is  not 
extravagantly  great,  steam-power  is  gradually  superseding  that  of  wind,  because  its 
certain^  of  action  more  than  repays  the  cost  of  its  production.  Whole  districts,  the 
drainage  of  which  is  dependent  on  wind-power,  may  frequently  remain  many  weeks 
under  water  from  the  prevalence  of  calm  weather,  and  the  agricidtural  operations  of  the 
season  may  be  so  seriously  interfered  with  that  whole  crops  are  lost,  or  become 
immensely  deteriorated.  In  sugar-growing  coimtries  again,  the  derangement  of  wind- 
machinery  by  a  hurricane  or  tempest,  may  occur  at  the  season  when  the  sugar-canes 
have  to  be  crushed ;  and  the  loss  of  a  few  days  in  crushing  the  canes  may  seriously 
damage  the  sugar  in  respect  of  quantity  as  well  as  quality.  Upon  the  whole  then, 
whenever  the  cost  of  friel  is  not  excessive,  it  is  not  advisable  to  incur  the  outlay  of 
extensive  works  for  securing  wind-power.  A  very  small  steam-engine,  kept  constantly 
in  operation,  is  far  more  effective  than  a  windmill  of  much  greater  power,  because  the 
latter  is  so  variable  and  uncertain  in  its  action.  The  only  operations  suited  to  wind- 
power,  are  such  as  need  not  necessarily  be  completed  at  certain  periods,  but  may  be 
conducted  occasionally  as  the  wind  may  serve.  Kor  should  the  machinery  driven  by 
wind  require  very  nice  regularity  in  its  action ;  for,  notwithstanding  all  the  ingenious 
arrangements  for  equalizing  the  wind-force,  it  is  still  unsteady  at  the  best. 

Every  part  exposed  to  the  wind  should  be  greatly  in  excess  of  the  strength  required 
to  resist  the  average  stndn  to  which  it  may  be  exposed.  The  tempest  of  an  hour — ^nay, 
a  momentary  gust — ^may  frequently  destroy  a  windmill  that  has  stood  imder  ordinary 
winds  for  years ;  as  a  safeguard  against  too  much  strain,  the  windmill  should  always 
be  left  free  to  revolve,  even  if  the  machinery  which  it  drives  be  thrown  out  of  gear. 
The  shaft  or  axis  of  the  mill  generally  carries  a  large  wheel,  to  which  is  fitted  a  strap 
of  iron  loaded  so  as  to  press  on  its  circumference,  and  act  as  a  friction-break  either  to 
hold  the  mill  fast  for  purposes  of  repair  during  light  winds,  or  to  check  its  velocity 
when  the  winds  are  too  strong  for  the  work  required. 

Watex  Power.— The  movements  of  water  are  much  more  serviceable  for  the  pur- 
poses of  power,  and  steady  in  their  operation,  than  those  of  air.    In  level  countries,  where 
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tiie  streams  are  slow  and  languid  in  their  flow,  this  power  is  not  attainable ;  l)ut  in  hilly 
oonntiies,  where  the  rivers  and  streams  fkll  frequently  from  a  high  level  to  a  lower,  water- 
power  is  easily  obtained,  and  Ib  most  advantageous  as  a  steady  inexpensive  prime  mover. 
The  most  common  way  of  employing  water-power  is  to  cause  the  current  to  act  on  the 
eircnmference  of  a  large  wheel,  so  as  to  give  it  a  rotatory  motion,  which  is  communi- 
cated, by  means  of  shafts  and  wheelwork  to  the  machinery  required  to  be  driven.  Such 
Vatermills  are  generally  used  for  grinding  or  thrashing  com,  crushing  bones  for  manure, 
raising  water  to  irrigate  land,  in  mining  districts  for  crushing  or  otherwise  operating  on 
the  ores,  and  in  manufacturing  districts  for  working  cotton,  woolly  or  flax  machinery. 
Water-wheels  are  of  three  kinds,  named  according  to  the  mode  in  which  the  water 
current  is  made  to  act  upon  them : — 

1.  Undershot,  when  the  wheel  is  flxed  over  a  stream  with  inconsiderable  fall,  but 
considerable  velocity. 

2.  Overshot,  when  the  fall  of  the  water  is  so  great  that  the  stream  may  be  directed 
upon  the  upper  part  of  the  wheel. 

3.  Breast- wheels,  when  the  stream  can  be  directed  on  or  near  the  middle  or  breast  of 
the  wheel. 

1.  The  XTndershot'Wheel  may  be  best  understood  by  conceiving  the  action  of  the 
paddles  of  a  steam-vessel  reversed ;  that  is  to  say,  while  in  a  steam- vessel  the  paddles 
are  caused  to  revolve,  and  were  the  vessel  fixed  would  produce  a  current  in  the  water 
by  their  revolution,  in  the  case  of  the  tmdershot- wheel  the  natural  current  of  the  water 
pressing  on  the  floats  immersed  in  it  causes  the  wheel  to  revolve.  It  is  sufficiently 
clear  that  the  power  derived  from  this  arrangement  depends  upon  the  intensity  of  the 
pressure  which  the  water  exerts  on  the  floats,  and  the  amount  of  surface  pressed  upon. 
If  we  suppose  the  wheel  at  rest,  and  its  float  standing  vertically  in  the  water,  we  may 
easily  compute  the  pressure  on  every  square  foot  of  its  surface  by  ascertaining  the 
speed  at  which  the  water  flows  against  it.  This  pressure,  like  that  of  the  wind,  is  pro- 
portional to  the  square  of  the  velocity  of  current ;  for  by  doubling  the  velocity  we 
bring  double  the  number  of  particles  in  contact  with  the  float,  and  we  also  double  the 
force  of  each  particle  in  striking  it,  so  that  upon  the  whole  we  quadruple  the  pressure. 
So  also,  by  taking  3  times  the  velocity,  we  have  9  times  the  pressure ;  and,  generally,  if 
we  know  the  pressure  due  to  one  velocity,  such  as  I  foot  per  second,  we  can  compute 
that  due  to  another  velocity,  such  as  10  feet  per  second,  by  multiplying  the  velocity  by 
itself,  and  taking  the  pressures  in  those  proportions. 

By  an  investigation  of  the  mechanical  laws  which  govern  the  motion  of  fluids,  we 
can  ascertain  that  the  velocity  with  which  a  fluid  flows  from  an  orifice  in  any  vessel  is 
the  same  as  that  which  a  heavy  body  would  acquire  by  falling  through  a  height  equal 
to  that  of  the  fluid  column  above  the  oriflce.  This  is  found  by  the  following  rule  :-^ 
Multiply  the  square  root  of  the  height  (in  feet)  by  8 ;  the  product  is  the  velocity  (in 
feet  per  second).  Thus,  if  a  stone  were  dropped  from  a  precipice  100  feet  high  (neglecting 
the  resistance  of  the  air  to  its  fall),  its  velocity  when  it  strikes  the  bottom  would  be 
about  80  feet  per  second ;  for  10  is  the  square  root  of  100,  and  8  X  10  =  80  feet  per 
second.  If^  on  the  other  hand,  we  knew  the  velocity,  we  should  be  enabled  to  calcu- 
late the  height  of  fall  by  reversing  the  rule ;  that  is  to  say,  divide  the  velocity  (in  feet 
per  second)  by  8,  and  square  the  result  for  the  height  (in  feet).  Thus,  if  we  ascer- 
tained that  a  stone  had  in  its  fall  acquired  a  velocity  of  80  feet  per  second,  we  should 

80 
reokoa  that  it  had  ialienlOO  &et,for  j  =  10,  and  10  squared  or  10  X  10  =  100, 
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These  iuIm  do  not  take  into  aeooontthe  leaietanee  offered  by  the  air  to  the  motion  of 

the  body  falling  through  it    In  falling  through  great  heights,  this  lesistance  has  very 

great  effect  on  the  velocity;  but  for  small  falls,  it  may  be  neglected  without  material 

error.    Ij^  now,  we  apply  these  computations  to  the  flow  of  currents  of  water,  we  can 

calculate  the  height  due  to  a  certain  yelocity  of  current;  that  is,  the  head  of  water 

whose  pressure  on  its  lower  particles  gives  them  the  velocity  in  question.    Thus,  if  on 

measuring  the  velocity  of  a  stream  at  a  rapid  we  found  it  to  be  16  feet  per  second,  since 

16 

•^  :=  2,  and  2  X  2  =  4,  we  should  reckon  that,  in  order  to  have  this  velocity,  it  must 

be  pressed  on  by  a  column  or  head  of  water  4  feet  high.  It  must,  therefore,  press  upon 
any  body  immersed  in  it  with  the  same  force  as  it  is  itself  subjected  to ;  for  it  is  the 
peculiar  property  of  fluids  to  convey  pressures  equally  in  every  direction  through  them. 
It  does  not  necessarily  follow  that,  at  the  point  where  the  velocity  is  measured,  there  is 
an  actual  fall  of  4  feet ;  it  is  sufficient  that  the  water  has  somewhere  fallen  enou^  to 
acquire  the  velocity  measured,  or  that  any  forces  whatever  have  combined  to  give  it 
that  velocity,  or  to  reduce  its  velocity  to  that  degree.  The  velocity  is,  in  fact,  the  ex- 
pression of  the  result  of  all  the  forces  and  resistances  that  have  acted  on  the  water  up 
to  the  point  where  it  is  measured.  Having  computed  the  head  of  watw  pressing,  it  is 
easy  to  compute  the  amount  of  pressure  exerted  on  a  square  foot.  A  cubic  foot  of  water 
weighs  62|lbs.;  therefore  the  bottom  of  a  cubical  box,  measuring  1  foot  every  way,  is 
pressed  on  by  a  force  of  62|  lbs.  when  the  box  is  filled  with  water ;  in  other  words,  the 
pressure  of  a  column  of  water  1  foot  high  is  62|  lbs.  on  every  square  foot  of  bottom 
surface.  Were  the  height  of  th^  column  increased,  the  pressiure  would  be  increased  in 
like  proportion ;  every  additional  foot  of  height  would  throw  an  additional  pressure  of 
62|lb8.  on  every  square  foot  The  intensity  of  pressure  (in  lbs.  per  square  foot),  then^ 
is  62|  times  the  height  in  feet.  Thus,  the  pressure  due  to  a  head  of  4  feet  is  62|  x  4 
=  250  lbs.  per  square  foot  We  may  now  combine  the  two  computations — ^that  for 
head  due  to  given  velocity,  and  that  for  pressure  due  to  given  head — into  one  rule,  for 
determining  the  pressure  per  square  foot  due  to  a  given  velocity,  as  follows : — As  the 
square  of  8  is  64,  which  does  not  much  differ  from  62^,  we  may,  without  material  inaccu- 
racy, avoid  dividing  the  velocity  by  8  before  squaring  the  quotient,  and  again  multi- 
plying by  62|,  and  thus  have  the  very  simple  rule. 

Square  the  velocity  (in  feet  per  second),  and  the  result  is  nearly  the  pressure  (in  lbs. 
per  square  foot).  Thus,  when  the  stream  is  moving  with  a  velocity  of  16  feet  per  second^ 
its  pressure  per  square  foot  is  16  X  1^  =  256  lbs.  nearly.  By  the  former  computation, 
we  found  250  lbs.,  less  by  6 ;  that  is,  less  than  ^t  part  of  the  whole.  So  Hbh  we  have 
found  the  means  of  computing  the  pressure  on  a  float-board  at  ruty  in  a  stream  flowing 
with  a  given  speed ;  but  in  the  case  of  an  imdershot  water-wheel,  the  float  is  in  motion 
in  the  same  direction  with  the  current,  and  therefore  th^  relative  velocity  of  the  latter 
in  acting  upon  it  is  so  muoh  dimimshed.  The  relative  velocities  of  the  float  and  of  the 
current  may,  of  course,  be  varied  by  applying  more  or  less  resistance  to  the  motion  of 
the  wheel.  It  is  necessary  to  know  the  relation  of  the  two  velocities,  so  as  to  derive 
the  best  possible  effect  from  the  ciurent  If  we  take  a  particular  case,  and  try  various 
relations,  we  may  find  the  most  advantageous — ^bearing  in  mind  that  the  result  to  be 
obtained  is  the  maximum  of  power  or  useful  effect ;  that  is  to  say,  the  pressure  on 
any  float  multiplied  by  the  velocity  of  its  motion,  which  product  gives  the  power  of 
that  float  as  a  mover  of  machinery.  If  we  take  the  velocity  of  a  current  as  6  feet  per 
second,  and  form  a  table  of  Telocities  of  float  trim,  0  feet  per  aeoond  up  to  6  feet  per 
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ieoond,  of  preflsnres  due  to  the  ezeeis  of  the  stream's  Telocity  orer  tbat  of  the  float,  and 
of  the  powers  or  products  of  those  pressures  multiplied  by  the  oonespondiiig  yeloeities  of 
float,  we  shall  ^d  the  power  greatest  when  the  Tdocity  of  the  float  is  exactly  2  feet 
per  second,  or  |rd  of  that  of  the  stream.    Thus — 


ITeloeity  of 

Velocity  of 

Excess  of  stream 

Pressure  or 

Power  or 

Btreai^ 

float. 

over  float. 

excess  squared. 

press.  X  Teloe. 

6 

0 

6 

36 

0 

»         •  • 

1 

6 

25 

..       26 

» 

2 

4 

X6 

..       32 

99              •  • 

..         8 

8 

9 

..       27 

»l               *  * 

4 

2 

4 

..       16 

» 

6 

1 

1 

6 

>» 

6 

0 

0 

0 

Were  we  to  take  any  other  velocity  of  stream  we  should  find  the  same  result,  that 
the  velocity  of  the  float  should  be  }rd  of  that  of  the  stream,  in  order  to  attain  the  maxi- 
mum effect.  If  this  rule  be  adhered  to,  the  excess  of  the  stream's  velocity  over  that  of 
the  float  is  frds  of  itself;  and  the  pressure  per  square  foot  would  be  the  square  of  frds 
of  the  stream's  velocity,  or  fths  of  the  square  of  the  velocity,  since  }  X  }  =^  (.  The 
power  would  depend  on  the  number  of  square  feet  pressed  upon,  and  the  velocity  of  the 
float,  and  would  therefore  be  found  by  multiplying  the  surface  of  the  float  by  (ths  of 
the  square  of  the  stream's  velocity,  and  the  product  by  the  float's  velocity,  or  Jrd  of  the 
stream's  velocity.  As  there  are  generally  several  floats  immersed  iu  the  water,  it  may 
appear  that  the  surface  acted  on  is  considerably  larger  than  that  of  one  float ;  but  when 
it  is  remembered  that  the  volume  of  water  contained  between  any  two  of  the  floats,  if 
it  press  the  one  forward  by  its  direct  action,  must  equally  press  the  other  backward  by 
its  reaction,  we  cannot  safely  estimate  more  than  the  surface  of  one  float  as  really  effec- 
tive. The  velocities  of  currents  are  generally  reckoned  in  feet  per  second,  while  the 
velocities  of  moving  parts  of  machinery,  in  estimating  power,  are  reckoned  in  feet  per 
minute.  Taking  a  horse-power  as  33,000  lbs.  lifted  one  foot  high  in  one  minute,  and 
assuming  the  circumferential  speed  of  an  undershot^wheel  as  one-third  of  that  of  the 
current,  we  may  estimate  its  power  as  a  mover  of  machinery  by  the  following  rule : — 

Multiply  the  surfieuie  of  the  float  (in  square  feet)  three  times  by  the  velocity  of  the 
stream  (in  feet  per  second),  and  divide  the  product  by  3,800 ;  the  quotient  expresses,  the 
horse-i)ower. 


yhte. — If  V  =  velocity  of  stream,  v  =  velocity  of  float,  p  =z  pressure  per  square 
foot  ^  (V  —  «)«  and  P  =  power  =  /w  =  V  —  v\\  to  find  r,  so  that  P  may  be  a 


P  =  T^=^  Hr  =  V»r  —  2 Vi>»  +  •>. 
^  =  Va-4Vf;  +  3t;»=:=0. 


.•.»»-jVr  =  -jand*«-|v  +  iv»=iv». 


4„  V» 

Hence  f»  —  |  V  =  +  JV,  or  r  =  V,  or  JV. 
"^  =  —  4 V  +  6f>,  and  substituting  for  v  each  of  its  values. 

—  4V  -|-  6V  =  2V  positive,  gives  P  a  minimum  when  r  =  V. 
—  4V  -|-  2V  =  —  2V  negative,  gives  P  a  muTiiniiin  when  v  =  JV. 
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JStan^* — An  trnderBhot-wbeel,  haYing  floats  2  leet  deep  and  10  feet  wide,  is  mored 

hf  a  stream  nmning  at  7|  miles  per  hour :  required  its  power. 

Here  the  surface  of  a  float  is  10  X  2  =  20  square  feet 

The  Telocity  is  7}  miles  per  hour :  or  (as  a  mile  is  5,280  feet,  and  an  hour  3,600 

5280  VC  74 
seconds),  the  velocity  is  — J^    t  =11  feet  per  second. 


3600 

The  power  therefore  is  ^  ^  ^\2i}^  ^  ^^  =  7  horse-power. 
The  speed  of  £he  floats  being  '}rd  of  that  of  the  current,  is  -^  feet  per  second,  or 

g =  220  feet  Jter  minute.    We  may  take  this  as  the  speed  of  the  middle  part  of 

the  float;  and  if  the  wheel  he  23  feet  in  extreme  diameter,  its  diameter  at  the  middle 

of  the  floats  would  be  21  feet,  and  cireumference  there  66  feet ;  if  this  moves  at  the  rate 

220 
of  220  feet  per  minute,  the  wheel  must  make  —  =  3|  revolutions  per  minute. 

The  speed  of  a  stream  may  be  generally  estimated  by  throwing  on  it  a  body  that 
floats,  but  is  immersed  some  depth — as  a  bar  of  wood  loaded  at  one  end  to  float  vertically — 

and  watching  the  time  occupied 
by  its  passage  over  a  certain 
known  distance.  Care  should 
be  taken  that  the  body  fairly 
attain  the  speed  of  the  current 
before  its  motion  is  reckoned  in 
the  time.  It  is  advantageous 
to  make  the  inner  edges  of  the 
floats  stand  somewhat  above  the 
general  level  of  the  water,  which 
becomes  heaped  up  behind  them, 
and  would  otherwise  pour  over 
the  edges  (Fig.  114).  Indeed, 
tbe  difference  of  level  caused  by 
this  heaping  up  of  the  water 
behind,  and  its  hollowing  in  front  Of  a  float,  almost  measures  the  head  of  water  pressing 
on  it  When  practicable,  the  stream  should  be  narrowed  to  the  width  of  the  wheel  (Fig. 
115),  as  by  this  means  not  only  is  its  velocity  augmented  by  the  necessity  of  a  certain 


Fig.  Hi. 


=^;^ffi?T^I 


Fig.  115. 


body  of  water  passing  more  quickly  through  a  diminished  channel ;  but  also  the  water 
acting  on  the  floats  is  prevented  from  escaping  sideways  without  giving  its  full  effect 
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As  the  Tfllocity  of  ttreams  to  wMoh  undenlioit-wlieeb  are  itppUofible  is  neter  y&ry 
great,  and  as  the  velocity  of  the  floats  should  sot  maoh  exceed  one-third  of  that  of  the 
stream,  such  wheels  are  necessarily  slow  in  their  revolutioi^  and  can  therefore  be 
applied  with  moot  adTSntage  in  driving  machinery  where  quick  speeds  are  not  required. 
When  it  is  necessary  to  convert  the  slow  revolution  of  the  wheel  to  rapid  motions  in 
^  machinery,  there  are  considerable  losses  from  the  Motion  of  the  gearing.  For  such 
purposes  as  that  of  working  pumps  or  fulling-mills,  and  generally  for  slow,  heavy  work, 
these  wheels  are  very  serviceable.  The  principal  objection  to  their  use  arises  trcm.  the  cir- 
cumstance, that  wiUi  a  stream  of  average  rapidity,  very  little  power  is  obtained  without 
a  very  large  and  ciunbrous  wheel,  involving  considerable  outlay,  and  extending  over  a 
great  breadth  of  the  stream.  Sy  making  the  diameter  of  the  wheel  large,  no  greater 
power  is  obtained,  except  what  may  be  attributable  to  the  more  direct  action  of  the 
water  on  the  floats,  which  enter  and  leave  the  water  more  vertically  when  the  wheel  is 
large.  The  circumference  of  a  large  wheel  should  move  with  the  same  speed  as  that  of 
a  small  one ;  and,  therefore,  the  greater  the  wheel,  the  smeller  number  of  revolutions  does 
it  make  in  a  given  time.  The  only  way  of  increasing  the  power  is  to  extend  the  surfiEuw 
of  the  floats.  This  may  be  done  by  making  them  deeper  or  wider.  Additional  depth  of 
the  float,  even  where  the  depth  of  the  stream  permits  it,  is  by  no  means  so  effective  as 
additional  width ;  for  a  wide  shallow  float  enters  and  leaves  the  water  with  ease,  while 
a  deeper  one  presses  the  surface  of  the  water  down  in  entering,  and  lifts  it  up  in  leaving^ 
aadthereby  encounters 
considerate  resistance 
to  its  motion. 

Occasionally  under- 
shot wheels  have  been 
made  like  th^  feather- 
ing paddles  of  steanv- 
vessels,  where  the 
floats  are  capable  of 
being  turned  on  pivots 
(Fig.  116)  so  as  to 
maintain  a    vertical  Figr.118. 

position  while  innnersed  in  the  water,  «nd  thus  receive  its  most  direct  impulse,  while 
they  enter  and  leave  it  with  the  least  possible  resistance. 

When  it  is  considered  that  twice  in  every  day  a  great  tidal  stream  flows  and  ebbs 
along  OTur  coast  and  in  our  estuaries,  it  is  surprising  that  advantage  has  not  more  fre- 
quently been  taken  of  this  enormous  power  by  the  erection  of  undershot- wheels  along 
the  course  of  the  tidal  currents.  In  this  country  tide-mills  are  rare ;  and  neither  their 
number  nor  magnitude  render  Ihem  important  as  sources  of  power. '  Occasionally,  hbw<' 
ever,  they  have  been  employed  with  advantage.  Where  there  is  a  great  tidal  ertream,- 
and  consequently  a  considerable  difference  between  the  levds  of  high  and  low- water, 
flted  wheels  Vould  be'  ahnoist  useless,  for  at  high-water  they  would  be  too  much 
immersed  and  at  low-water  too  little.  It  is  in  such  cases  necessary  to  mount  tiiem  on 
a  floating  stage  or  baige^  so  that  the  whole  mill  may  rise  and  fidl  with  the  tide,  the 
amount  of  immersion  remaining  constant.  Again,  as  the  tide  flows  altemately  in 
opposite  directions,  when  it  is  required  that  the  maohinery  move  only  in  one  direction,' 
it  is  necessary  that  tide-mUls,  in  such  cases,  should  be  fitted  with  apparatus  by  means 
of  which  the  direction  of  movement  may  be  reversed ;  or,  where  the  mill  is  floated  on  a 
■        ^ ______ — Dlyiilzydby  VjQQQ- 
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barge,  the  swinging  of  the  berge  hj  the  :tide  eflfooti  the  required  change  of  pontionto 
rait  the  change  in  direction  of  the  current. 

If  it  were  practicable  to  make  use  of  the  tidal  stream  in  such  a  riyer  as  the  Thames, 
without  interfering  with  its  navigation,  the  power  deriyed  fix)m  it  would  be  enormooa. 
If  we  suppose  the  breadth,  1200  feet,  occupied  by  tidal  mills  side  by  side,  with  floats 
immersed  3  feet  deep,  the  total  float-surfiM^e  would  be  3600  square  feet  in  one  section  of 
the  riyer.  The  velocity  of  current  we  may  take,  on  the  average,  as  3  miles  per  hour, 
nearly  4|  feet  per  second ;  and  the  power,  according  to  our  rule,  would  be 

>«00y~*i^*i^*i  =  86  Hom-power. 
3800  *^ 

Were  such  mills  repeated  at  intervals  of  220  feet  along  a  mile  of  the  river,  ibm 
would  be  24  of  them,  and  the  total  power  would  be  86  X  24  =  2064  horse-power  in  a 
mile  of  the  river's  length.  It  is  not,  of  course,  presumed  that  such  an  arrangement  is 
feasible :  it  is  only  offered  as  an  illustration  of  the  great  mechanical  power  that  might  be 
derived  from  the  natural  movements  of  the  water  in  tidal  estuaries.  In  some  riyen, 
rach  as  the  Rhine  and  the  Seine,  barges  are  moored  carrying  tidal  mills  of  this  kind. 
In  such  streams  the  level  does  not  greatly  vary,  and  the  current  sets  continuously  in  one 
direction,  so  that  the  power  is  applied  with  constancy  and  fieudlity. 

2.  I%«  Overthot  JFater-whsel  (Fig.  117)  has  its  oircumfeieoce  divided  by  partitions 

into  numerous  ocxn* 
partments,  or  buck- 
ets, capable  of  con- 
taining water.  The 
spout  conveying  the 
water  to  the  wheel 
either  passes  over  its 
summit,  orhasacheck 
at  ito  end  (Fig.  118), 
80  astodischaxgethe 
water  into  the  buck- 
ets a  little  beyond 
the  sununit  of  the 
wheel  As  the  wheel 
revolves,  each  suc- 
cessive bucket  is 
brought  under  the 
spout  and  becomes 
filled  with  water,  the 

weight  of  which,  acting  on  one  side  of  the  wheel,  is  the  moving  force.  The  buckets, 
as  tiiey  descend,  become  gradually  emptied,  and  return  up  the  unloaded  side  of  the 
wheel,  to  be  again  filled  and  descend. 

Such  wheeb  are  only  applicable  where  there  is  a  considerable  fSedl  of  water;  for  the 
height  of  the*head  above  the  stream  as  it  fiows  away  from  the  wheel,  technically  called 
the  tail- water,  must  be  equal  to  the  diameter  of  the  wheel,  or  nearly  so.  In  overshot 
wheels  the  velocity  of  the  water  is  no  element  of  power,  except  in  so  far  as  the  quan- 
tity conveyed  by  llie  spout  to  the  wheel  depends  upon  the  velocity  with  which  it  flows. 
If  the  velocity  of  discharge  be  considerable,  a  positive  disadvantage  results  from  the  too 
Apid  dash  of  water  into  the  buckets,  causing  it  to  overflow,  while  the  bucket  remains 


Fig.  117. 
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only  partially  filled.  It  is  easy  to  see  that  the  qiiantity  of  wa^  lifiimg  from  the  ipout 
during  the  time  which  a  bucket  occupies  in  passing  under  it,  should  barely  exceed  that 
which  the  bucket  will  hold;  if  it 
&]ls  short  of  that  quantity,  the 
bucket  is  only  partially  fiUed  in 
its  passage ;  and  if  it  much  ex- 
ceeds that  quantity,  the  force  of 
its  flow  causes  it  to  dash  oyer  and 
become  wasted  without  effectual- 
ly filling  the  bucket.  The  dia- 
meter of  the  wheel  being  limited 
by  the  height  of  the  fall,  when 
it  is  desirable  to  take  advantage 
of  a  large  quantity  of  water 
discharged  from  the  spout,  the 
breadth  of  the  wheel  must  be  in- 
creased, and  the  water  in  the 
spout  caused  to  spread  itself  out 
to  a  wide  sheet,  so  as  nearly  to 
coyer  the  whole  breadth  of  the 
wheel.  The  sheet  of  water 
should  always  be  a  few  inches  Fig.  lis. 

narrower  than  tho  fSace  of  the  wheel,  to  saye  the  water   from  dashing  ineffec- 

tiyely  oyer  the 
edges  (Fig.  119). 
Another  point  of 
great  importance 
in  the  construc- 
tion of  the  buck- 
ets is  to  leaye  a 
passage  for  air  at 
the  inner  upper 
angle  of  each 
bucket,  other- 
wise the  bucket 
can  become  only 
partially  filled,  in 
consequence  of 
the  elasticity  of 
the  air  confined 
in  it  compelling 
the  supply-water 
to  dash  oyer 
the  edges  instead 
of  filling  the 
bucket. 

In  constructing  an  overshot- wheel  it  is  necessary  to  give  consideration  to  the  fol- 
owing  points ; — 
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1.  The  point  of  the  dreumfenmce  at  wfaieh  the  spoilt  riuicild  discharge  ao  as  best  to 
fiU  the  bttck^. 

2.  The  best  form  of  bucket  for  receiying  the  water,  and  tor  retaining  it,  through  a 

condderable   part 
of  its  descent. 

3.  The  best  speed 
at  which  the  oir* 
cumferraice  of  tlie 
^vlieel  should  tra»> 
▼el  so  as  to  obtain 
the  greatest  effsct 
from  the  moyin^ 
load  of  water 
which  its  buckets 
contain. 

If  we  suppose 
that  a  fall  of  wai- 
ter about  twenty- 
two  feet  in  height 
is  to  act  upon 
an  overshot- wheel 
(Fig.  120),  we 
may  make  the 
wheel  about  twen- 
ty-four feet  in 
diameter,  and  the 
depth  of  the  buck- 
ets, measured  to- 
wards the  centre. 
Fig.  120*  two  feet.    Divid- 

ing this  depth  into  two  equal  parts,  each  one  foot^  marked  by  the  dotted  circle  (Fig.  121), 
dividing  the  circum- 
ferenoe,  of  this  cir- 
cle into  a  conyenient 
number  of  equal  parts 
B  B  equal  to  the  num- 
ber of  buckets  (40  in 
the  diagram),  and 
drawing  lines  ABA 
towards  the  centre  of 
the  wheel  through  the 
points  of  division,  we 
are  enabled  to  deter- 
mine the  form  of  the 
buckets.  The  casing 
extending  between  AA 

if  called  the  sole  of  T"'     \       '  Pig^  121« 

a  bucket,  and  is  left  with  a  narrow  slit  open  at  A  for  the  escape  of  aur  from  the  bucket 
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when  the  water  pours  into  it  The  hoard  A  B  is  called  the  ftart,  and  the  inclined  part 
6  C  the  arm  of  the  huoket  Sometimea  tfaia  inclined  part  is  made  in  two  parts  at  different 
degrees  of  ohliqnity,  like  the  dotted  lines  B  D,  D  E ;  of  which  BD  would  he  called  the 
ana,  and  I)  £  the  wriat,  theetait  A  Bhdng  called  the  shoulder.  These  names  are  douht- 
lesB  given  from  the  resemhlance  of  the  section  to  tiie  form  of  a  bent  arm.  The  whole 
eircumferenoe  of  buckets  and  soles  is  called  the  shrouding. 

On  diyiding  the  vertical  diameter  F  G  of  the  mean  circle  of  the  shrouding  into  six 
equal  parts  at  the  points  H,  I,  J,  K,  L,  and  drawing  horizontal  lines  through  H  and  L  to 
meet  the  circumference,  "we  observe  that  at  the  upper  line  the  bucket  is  filled,  and  there- 
fore the  weight,  of  its  contents  begins  to  act  in  causing  the  wheel  to  revolye,  while  at 
the  lower  line  it  begins  to  empty  itself,  and  its  action  may  there  be  considered  to  cease ; 
or  whatever  effect  the  water  nuiy  have  beyond  this  point  is  so  small  that  it  may  l>e 
neglected  as  an  element  of  power.  The  total  effect  of  the  water,  then,  in  causing  the 
wheel  to  revolve,  may  be  reckoned  to  be  that  of  the  w^ht  of  water  contained  in  ten 
•bucketi  desoend^  through  a  height  equal  to  two-thirds  of  the  diameter  of  the  mean 
eirde,  via.  22  X  }=  1^  feet  nearly.  The  diameter  of  the  mean  circle  is  equal  to  the 
height  of  fall;  and  we  may,  therefore,  by  taking  a  wheel  of  just  proportions,  generally 
obtain  a  descending  weight  acting  throud^  a  vertical  height  two-thirds  of  the  height  of 
AH;  and  the  weight  itself  consisting  of  tiie  contents  of  one-fiDurth  of  the  total  number 
of  buckets.  The  capacity  of  those  buckets  for  containing  water  depends  manifestly  on 
the  breadth  of  the  wheel  or  the  length  of  the  buckets,  as  well  as  their  sectional  area. 
The  area  of  those  in  the  diagram^  reckoning  up  to  the  level  line  bounded  by  the  air-slit 
at  their  filling-point,  and  by  the  lip  of  the  bucket  wrhere  the  discharge  begins,  may  be 
taken  at  little  aboye  1^  square  foot ;  and  we  may  suppose,  for  &cility  of  calculation,  that 
tbeir  length  or  the  breadth  of  the  wheel  is  1  foo^  giving  each  bucket  a  capacity  for  con- 
taining 1^-  cubie  &ot  of  water,  weighing  about  70  lbs.  The  contents  of  the  10  buckets, 
therefore,  weigh  700  lbs. ;.  and  this  weight  i»  constantly  moving  with  the  velocity  cf  the 
wheel 

In  determining  the  absolute  power  to  drive  machinery,  we  must  ascertain  the 
velocity  in  relation  to  that  with  which  the  water  flows  from  the  spout.  The  circum- 
ference of  the  wheel  must  move  at  such  a  rate  that  no  bucket  shall  pass  the  spout  wil^- 
ont  being  filled  from  it.    The  total  circumference  of  the  wheel  being  75^  feet,  divided 

into  40  equal  parts,  we  have  for  the  distance  frt>m  lip  to  lip  of  each  bucket  -7^=  1*888 

nearly,  or  about  1  {■  foot  If  the  wheel  makes  1  revolution  per  minute,  each  bucket 
passes  any  fixed  point  in  ;^th  of  a  minute,  or  Ij^  second ;  and  the  velocity  of  any  point 

75k 

in  the  circumference  is  -^^r-,  about  1|  foot  per  second.    It  has  been  stated  that  the  most 
oo 

advantageous  drcnmferential  velocity  of  an  overshpt*wheel  is  at  the  rate  of  2  to  3  feet 

per  second.    Taking  2^  feet  per  second  for  the  case  we  are  discussing,  the  wheel  would 

make  2  revolutiona  per  minute,  and  each  bucket  would  pass  a  fixed  point  in  Jths  of 

a  second.    As  the  water  issuing  f^m  the  spout  has  a  certain  depth  or  thickness,  some 

part  of  tiie  time  of  the  buckelf  s  passage  must  be  deducted  in  order  to  ascertain  the  time 

allowed  for  influx  of  the  water*    Deducting  ^rd  of  the  time,  that  is  i"  from  f  ",  we^have 

i"  as  the  time  dming  which  the  bucket  remains  under  the  spout  to  be  filled ;  and  in  this 

time  H  cubic  loot,  the  contents  of  the  bucket,  must  flow  fix)m  the  spout— that  is,  2  x  li 

=  ^  cubic  feet  in  1  second..    As  the  spout  is  1  foot  broad,  and  we  must  not  reckon  the 

depth  of  water  in  it  above  6  inches  or  ^  a  foot,  the  sectional  area  of  the  water-channel 
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u  ^  a  iquaie  foot,  throogli  whioli  2^  cubic  feet  must  flow  per  ieoond.  The  ydodtjr  of 
the  vater  mutt  therefore  be  2  X  2  J  =  4}  feet  per  leoond.  Should  the  velocity  of  the 
rtream  be  lees  than  this,  either  the  wheel  must  move  more  slowly  or  the  spout  must  be 
inclined  to  meet  it  at  a  lower  leyel,  so  that  the  water  may  attain  greater  Telocitjr  tm 
additional  fall.  Should  the  Telocity  of  the  stream  exceed  this,  either  the  wheel  mint 
be  permitted  to  moye  more  quiddy,  or  it  and  the  spout  must  be  widened,  so  as  to  preeent 
greater  capacity  of  bucket  and  diminish  the  speed  of  influx.  Becurring  to  the  power  of 
the  wheel  which  we  suppose  to  reyolTe  at  the  speed  of  2^  feet  per  second,  or  160  feet 
per  minute,  with  a  force  of  700  lbs.  at  its  circumference,  we  find  the  effect  to  be  equivi- 

lent  to  700  X  160  =  106000  lbs.  moved  1  foot  per  minute,  ^^^    =  about  3J  hone' 

power. 

Had  we  estimated  it  in  another  way  by  taking  the  quantity  of  water  issuing  fxm 

the  spout,  viz.  2 J  cubic  feet  per  second,  or  136  cubic  feet  per  minute,  weighing  about 

8840  lbs.,  and  reckoning  its>fall  or  effective  movement  16  feet,  the  distance  desoended 

8440  X  16 
while  it  remains  in  the  buckets,  we  should  have  found  the  power  to  be  -  «>a/vAA     — 

about  3}  horse-power.  But  it  must  be  remembered  that  all  the  buckets  do  not  act  with 
their  full  leverage  to  turn  the  wheel  in  descending  through  16  feet,  being  nearer  tfae 
centre  of  the  wheel  above  and  below  the  middle  level  than  when  they  pass  that  poini 
The  former  estimate,  therefore,  of  3(  horse-power  is  to  be  taken  as  the  mora  oooect 
one. 

In  order  to  ascertain  what  fraction  it  is  of  the  power  actually  developed  by  the 
descent  of  the  water— that  is,  of  the  force  necessary  to  raise  the  water  up  agam  to  the 
level  whence  it  flowed — ^we  have  to  consider  that  2}  ciiblo 
feet  of  water  issue  from  the  spout  every  second,  and  descend 
22  feet,  or  that  a  weight  of  2iX  62i= to  about  140lb8.moTeB 
22  feet  per  second,  or  22  X  60  ==  1320  feet  per  minute;  or 
that  140  X  1320  =  184,800  lbs.  mo ved  through  1  foot  per 

minute.    This  is  equivalent  to  ■  ^^^    =  rather  more  than 

6i  horse-power.  Of  this  the  mill  has  been  found  to  render 
Si  horse-power,  or  about  67  per  cent  available  for  driving 
machinery. 

It  haa  been  stated  by  some  engineers,  that  as  much  88 
70  to  80  per  cent,  of  the  power  expended  by  the  faU  of  water 
has  been  made  available  by  means  of  overshot- wheels;  but 
we  are  inclined  to  think  that,  with  the  best  known  construc- 
tion and  proportions,  the  useful  effect  does  not  certainly 
exceed  70  per  cent,  of  the  water-power. 

Of  late  years,  many  of  these  wheels  have  been  made  of 
iron:  the  partitions  of  the  buckets  are  constructed  of  three 
iron  plates  bent  to  a  curved  form,  and  the  obliquity  is  made 
considerably  more  than  in  the  wooden  shrouding  of  former 
times  (Fig.  122).  The  diameter  of  such  wheels  ia  made 
mg,  122,  \  somewhat  greater  than  the  height  of  fall,  so  that  the  water 

enters  tha  buckets  some  distance  below  the  summit,  when  the  inclination  of  the  bucket 
ia  suited  for  the  reception  of  the  stream.    Even  if  the  buckets  were  filled  at  the  summit 
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of  a  wheel,  and  did  not  empty  thenuelTes  till  tbiej  leached  the  lowest  point,  the 
additional  effect  of  their  contents  would  he  of-  little  advantage,  as  it  would  act  more  to 
press  the  wheel  down  on  its  hearings  than  to  turn  it  round.  It  wiU  he  found  adyan- 
tageous  in  practice  to  reckon  the  diameter  of  the  wheel  as  |th  more  than  the  fall. 
Thus,  for  a  fall  of  24  feet,  we  should  make  the  wheel  24  and  |th  of  24,  3;  altogether, 
27  feet  in  diameter. 

It  has  heen  recommended  that  the  velocity  of  the  wheel  should  he  made  dependent 
on  the  height  of  the  fSeJl ;  that  is  to  say,  that  jt  should  he  :1th  of  the  velocity  which  the 
water  would  acquire  in  reaching  the  hottom  hy  free  descent.  We  can  see  no  reason 
why  such  a  rule  should  he  ohserved ;  for,  as  we  have  formerly  stated,  the  velocity  of 
the  circumference  should  he  so  proportioned  to  that  of  the  water  flowing  from  the  spout, 
that  the  huckets  may  he  properly  filled  during  their  passage.  It  is  true  that,  hy  in- 
clining the  spout,  we  may  increase  the  speed  of  the  stream  flowing  from  it,  and  thus 
render  a  greater  velocity  of  wheel  practicahle ;  hut,  heing  limited  to  a  certain  fisdl,  what- 
ever inclination  we  give  to  the  spout,  we  take  so  much  £rom  the  height  after  the 
water  is  delivered  on  the  wheel,  and  consequently  reduce  the  moving  weight  on  the 
descending  side  of  the  wheel.  We  are,  therefore,  inclined  to  adhere  to  the  maxim 
formerly  received  among  millwrights,  that. the  velocity  of  the  wheel's  circumference 
should  not  exceed  3  or  4  feet  per  second,  and  that,  perhaps,  it  would  most  advan- 
tageously he  fixed  at  2  to  3  feet  per  second. 

The  numher  of  huckets  may  he  determined  hy  making  it  douhle  the  numher  of  feet 
in  the  Trheel's  diameter:  thus,  in  a  wheel  24  feet  in  diameter,  the  numher  of  huckets 
would  be  48.  According  to  this  rule,  the  space  from  lip  to  Up  of  huckets  would  always 
he  ahout  1^  feet.  Where  the  stream  in  the  spout  is  wide  and  shallow,  it  may  he  made 
less;  and  where  the  stream  is  deep,  it  should  he  greater.  But,  practically,  its  size 
within  a  few  inches  is  of  no  great  importance ;  and  we  should  recommend  that  a  division 
of  the  circumference  hy  6,  8,  4,  or  such  nimihers  and  their  multipliers,  should  he  made, 
so  as  to  hring  each  division  nearly  to  18  inches, 

In  order  to  provide  for  the  escape  of  air  from  the  huckets,  it  is  hetter  to  make  their 
width  exceed,  hy  several  inches  at  each  side,  that  of  the  stream,  than  to  provide  air- 
slits  in  the  sole ;  for,  hy  this  arrangement,  each  of  the  huckets  may  he  made  to  hold  a 
considerahly  greater  quantity  of  water  than  when  the  air-slits  limit  its  depth. 

Every  precaution  should  he  taken  to  secure  a  free  flow  for  the  tail- water,  as  the 
resistance  arising  from  the  immersion  of  the  lower  part  of  the  wheel  in  a  languid  stream 
takes  considerahly  from  its  effective  force.  It  is  hotter  to  sacrifice  a  few  indies  of  head 
hy  inclining  the  tail-course,  so  as  to  give  the  water  some  velocity  (at  least  that  of  the 
wheel)  in  its  escape,  than  to  let  it  act  as  a  drag  on  the  wheel,  hy  making  the  tail-course 
too  nearly  level. 

3.  Breast-wheel  and  Chain  of  Buckets. — All  descriptions  of  wheels  where  the  water  is 
received  on  their  circumferences,  fall  under  the  denomination  of  overshot- wheels,  even  if 
the  water  he  not  shot  over  their  summits ;  indeed,  according  to  the  systems  now  pursued  in 
rendering  water-power  availahle,  there  is  no  case  where  a  really  oversftot-wheel  shoidd  he 
adopted.  Instead  of  making  the  diameter  of  the  wheel  less  than  the  height  of  fall,  so  that 
the  spout  could  he  carried  over  it,  the  diameter  should  always  he  greater,  as  we  have 
descrihed,  so  that  the  water  may  he  delivered  at  some  point  helow  the  summit.  Instead 
of  an  overshot- wheel,  in  some  cases  an  endless  chain  of  huckets  (Fig.  123)  has  heen 
employed  for  ohtaining  power  from  a  fall  of  water.  In  theory,  this  arrangement 
appears  :im)  likely  to  prove  more  effective  than  that  of  the  wheel,  for  the  weight 
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tiie  boekets,  and  acts  with  constant 


force  ibnxigliont  thi 
■whole  descent.  Prac- 
tically, however,  the . 
apparatus  is  not  of 
b6    substantial  and 
permanent  a  charac- 
ter as  the  wheel;  the  j 
chain  has  numerous  j 
joints,  all  subject  to  j 
wear  and  decay  from  | 
rust;  and  when  they  I 
become      deranged,  j 
the  increased  friction 
and    inequality   of  ^ 
action    considerably  i 
diminish  the  effid*  | 
ency  of  the  appara-  | 
tus.  I 

The  breast-wheel  ■ 
is  an  arrangementin*  j 
tennediate   between 
the    undershot  and 
overshot- wheels.  It 
consists  of  a  wheel 
fitted  with  floats  or 
paddle-boards  round 
its      circumference, 
revolving   with  its 
lower  part  in  a  chan-  ! 
nel  which  nearly  fita  ; 
it.     Each  float  has  a 
back-plate   or  sole, 
80  that  the  wheel  is 
"WTien  a  con- 


Fig.  123. 
iomewhat  like  an  overshot- wheel  with  buckets  open  on  their  outer  sides, 
aiderable  stream  of  water  falls  over  a  height  not  sufficient  to  render  an  overshot- wheel 
applicable,  and  yet  greater  than  would  be  required  for  an  undershot- wheel,  the  breast- 
wheel  is  applied  with  great  advantage.  The  floats  fit  as  nearly  as  possible,  without 
rubbing-friction,  to  the  bottom  and  sides  of  the  channel,  or  sweep,  in  which  they 
revolve ;  and  thus,  after  passing  the  point  where  the  water  is  delivered  upon  them, 
ihey  act  almost  as  close  buckets,  containing  a  load  of  water  which  urges  them  on- 
wards. 

At  the  point  where  the  floats  receive  the  water,  some  force  arises  from  the  impulse 
or  velocity  with  which  the  water  strikes  them,  as  well  as  from  the  mere  weight  of 
their'  contents.  Some  millwrights  have  thought  this  impulse  a  most  essential  element 
of  power,  and  have  therefore  contrived  the  spout  so  as  to  throw  the  water  on  the  floats 
with  great  velocity.  Others,  and  among  them  Smeaton,  whose  opinions  on  such  matters 
are  always  to  be  received  with  reverence,  have  arranged  the  spouts  so  as  to  deliver  on 
the  wheel  at  as  high  a  level  as  possible.  By  this  arrangement  the  impulse  from  velocity 
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is  lessened,  but  the  lieight  tlmragh  which  the  water  aftenrards  acts  hj  weight  is  in- 
creased. 

If  we  suppose  that  a  certain  stream,  flowing  with  a  Telocity  of  8  feet  per  second  and 
haying  a  fall  of  8  feet,  is  applied  to  driving  a  breast-wheel  20  feet  in  diameter,  having 
40  floats  (Fig.  124),  we  may  inquire  whether  it  be  more  advantageous  to  deliver  the 
stream  at  once  on  the 
wheel,  or  to  slope  its 
course  downwards  3 
feet  before  it  meets 
the  floats.  In  the  one 
case  we  have  the  im- 
pulse due  to  a  speed 
of  8  feet  per  second  on 
one  float  marked  9, 
and  the  weight  of 
the  water  contained 
ia  eight  others,  marked 
1  to  8  inclusive.  In 
the  other  case  we  have 
the  impulse  due  to  the 
increased  velocity  of 
stream  upon  one  float 
marked  7,  and  the 
weight  of  water  act- 
ing on  six:  others 
marked  1  to  6  inclu- 
sive. Farther,  as  in 
the  second  case  the 
velocity  of  the  deli- 
vered water  is  greater, 
its  stream  must  be  shallower,  and  therefore  it  must  strike  on  a  less  area  of  float ;  and  if 
the  wheels  move  at  rates  respectively  proportional  to  those  of  their  streams,  the  same 
quantity  of  water  being  supposed  to  be  delivered  in  each  case,  each  of  the  buckets  in  the 
second  wheel  must  contain  less  water  than  each  of  those  in  the  first.  Let  us  assume 
that  in  each  case  the  wheel  revolves  at  a  rate  which  makes  its  circumference  travel  at 
one-third  of  the  velocity  of  the  stream,  which  we  found  to  be  the  most  advt^itageous- 
speed  for  receiving  impulse  in  the  case  of  undershot-wheels.     In  the  first  case  the 

Q 

velocity  would  be  ^  =  2f  feet  per  second.    In  the  second  case  we  must  calculate  the 
o 

velocity  of  stream  due  to  increased  fall.  The  fall  to  produce  8  feet  per  second  is  1  foot ; 
and  adding  to  this  the  3  feet  of  additional  fall,  we  have  a  fall  of  4  feet ;  the  velocity  due 
to  which  is  8  times  its  square  root,  or  16  feet  per  second.    The  circumference  of  the 

1  f> 
second  wheel,  then,  travels  at  the  rate  of  —  =  6 J  feet  per  second,  twice  the  velocity 

th£  first ;  and  if  in  the  first  the  buckets  be  exactly  filled,  in  the  second  they  can  only  be 
half  filled,  or  need  have  only  half  the  capacity.  If  we  take  the  area  of  float  in  the  Qrst 
case  1  square  foot,  and  in  the  second  J  square  foot,  the  float  marked  9  in\he  first  sus- 
tains a  pressure  due  to  8  feet  per  second  the  velocity  of  the  water  less  by  2|  feet  per ' 
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second  its  own  velocity ;  that  is  to  5}  feet  per  second,  equivalent  to  a  column  ^ths 
of  a  foot  high  on  1  sqiiare  foot  of  area,  about  ^ths  X  62  J  r=  28  lbs.  moving  at  the  rate 
of  2f  feet  per  second,  or  2}  X  60  =  160  feet  per  minute,  which  gives  a  power  of 
28  X  160  =  4,480  lbs.  moving  at  I  foot  per  minute.  In  the  second  case  the  float  7  is 
pressed  on  by  a  column  sufficient  to  give  16  less  by  5},  that  is  lOf  feet  per  second, 
which  implies  a  height  of  1{  foot ;  and  this  pressing  on  i  square  foot  gives  56  lbs. 
moving  at  5^  feet  per  second,  equivalent  to  17,920  lbs.  moving  at  1  foot  per  minute,  4 
times  the  effect  of  float  9  in  the  first  case,  as  might  have  been  surmised,  beca^ise  the 
velocity  is  doubled. 

It  remains  now  to  compute  the  effect  of  the  remaining  floats  in  producing  power. 
'  The  total  quantity  of  water  issuing  is  8  cubic  feet  per  second,  or  8  x  62^  x  60  = 
80,000  lbs.  per  minute.  In  the  first  case  this  keeps  8  buckets  continually  full,  and 
moves  them  at  2f  feet  per  second,  or  160  feet  per  minute ;  in  the  second  case  it  keeps  6 
buckets  half  filled,  or  3  buckets  quite  full,  and  moves  them  at  5,|  feet  per  second,  or  320 
feet  per  minute.  As  eacli  bucket  holds  1  cubic  foot,  or  62^  lbs.,  the  power  of  those,  in 
the  first  case  is  8  X  160  X  62^  =  80,000  lbs.  moving  1  foot  per  minute ;  and  of  those 
in  the  second,  3  X  320  X  62^  =  60,000  lbs.  Addmg  to  each  of  these  results  the 
power  derived  from  the  impulse  of  the  water,  we  have  in  the  first  case  84,480  lbs.  moved 
through  1  foot  per  minute  rr  2*54  horse-power;  in  the  second  case  77,920  lbs.,  equiva- 
lent to  2*36  horse-power.  The  result  is,  therefore,  in  favour  of  the  first  case ;  and  thus 
Smeaton's  view  of  the  circumstances  is  borne  out. 

If  the  floats  be  tolerably  well  fitted  to  the  sweep,  so  that  there  is  little  loss  of  water 
by  escape  past  their  edges,  the  circumferential  speed  of  the  wheel  should  be  consider- 
ably  more  than  one-third  of  that  of  the  stream.  A  rate  as  high  as  two-thirds  or  three- 
fourths  is  practically  attldned  with  advantage.  When  this  is  the  case,  the  impulse  from 
excess  of  the  stream's  velocity  over  that  of  the  float  is  much  diminished,  and  the  prin- 
cipal element  of  power  is  the  load  of  the  water  contained  in  the  buckets.  If,  then,  th© 
fall  of  the  spout  be  made  just  sufficient  to  deliver  the  water  supplied  by  the  stieam  or 
reservoir,  all  the  rest  of  the  fall  is  most  advantageously  applied  in  the  sweep,  care  being 
taken  that  sufficient  fall  is  left  to  carry  off  the  tail-water  with  full  velocity,  so  that  it 

do  not  become  heaped 
up  and  retard  the  as- 
cending floats. 

In  estimating  the 
power  of  a  breast- 
wheel,  we  may  sup- 
pose, for  the  sake  of 
simplicity,  that  the 
water  is  delivered  on 
the  horizontal  line  of 
the  centre,  and  keeps 
aU  the  buckets,  fh>m 
that  line  to  the  bot- 
tom, full  (Fig.  125). 
Now  the  effect  of  the 
weight  of  any«bucket, 
such  as  A,  to  turn  the  wheel,  depends  upon  the  leverage  with  which  it  acts,  which 
would  be  measured  by  the  length  Q  B  of  the  horizontal  line  intercepted  l)etweeQ 


fig.  125. 
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the  centre  and  the  middle  of  that  bucket.  Were  we  to  diTide  the  circumference 
from  D  to  £  into  a  great  number  of  equal  parts,  and  calculate  their  combined  effect  aa 
dependent  on  the  leyerage  with  which  they  respectiyely  act,  we  should  find  it  to  be  the 
same  as  if  one  weight — ^bearing  the  same  proportion  to  tiie  total  weight  in  the  circum- 
ference D  £  as  the  length  of  C  D,  the  radius,  bean  to  the  length  of  the  circumfer- 
ence  D  £~acted  at  D.  In  other  words,  the  effect  of  all  the  weight  of  water  in  D  £ 
to  turn  the  wheel  is  the  same  as  that  of  a  column  D  F  of  the  same  width  and 
thickness  hanging  at  D.  The  same  principle  is  true  if  the  wafer  do  not  deliyer  at 
the  level  of  the  centre;  for  if  it  delivered  at  G,  the  effect  of  the  weight  of  water  in 
G  £  would  be  the  same  as  that  of  a  column  of  equal  area  and  of  the  height  6  F 
acting  at  D. 

If,  now,  we  take  the  particular  case  of  a  wheel  25  feet  in  diameter,  with  buckets 
1  foot  broad  and  I  foot  deep,  receiying  the  water  at  the  level  of  the  centre,  and 
making  3  revolutions  per  minute,  we  may  compute  its  power,  and  the  proportion 
which  its  useftil  effect  bears  to  the  expended  power  of  the  water.  The  bucketl 
being  1  foot  deep,  the  eirde  passing  through  their  middle  points  would  have  a  diameter 
of  24  feet,  and  tiierefore  a  radius  of  12  feet  and  a  circumference  of  75}  feet,  making  3 
irevolutions  per  minute.  The  water  in  the  buckets,  therefore,  moves  at  the  rate  of 
75|  X  3  =  226)^  feet  per  minute;  and  the  weight  of  the  column,  having  an  area 
of  1  square  foot,  and  being  12  foet  high,  is  12  x  ^^i  =  7^0  lbs.  The  power,  then,  is 
750  X  226J        .     ^  _,  , 

The  quantity  of  water  required  to  fill  the  buckets  is  226}  cubic  feet  per  minute,  for 

it  must  3  times  fill  the  whole  circumference  every  minute ;  and  as  there  must  be  con* 

Biderable  waste  from  the  inaeeuracy  with  which  the  floats  fit  the  bottom  and  sides  of 

the  sweep  in  which  they  revolve,  we  may  reckon  20  per  cent,  more,  or  altogether  270 

cubic  feet  per  minute,  to  cover  this  waste ;  that  is,  4}  cubic  feet  per  second.    If  we 

take  the  stream  at  the  spout  1  foot  wide,  and  9  inches  or  f  ths  of  a  foot  deep,  its  area  is 

f  tha  of  a  square  foot,  through  which  4}  cubic  feet  have  to  flow  per  second.    The 

velocity  of  the  water  must,  therefore,  be  6  feet  per  second,  or  that  due  to  a  fall  of 

taearly  7  inches.    The  water  in  working  the  wheel  has  to  descend  12  feet,  and  we  must 

allow  at  least  5  inches  more  of  depth  at  the  bottom  of  the  wheel  to  clear  the  floats  of 

back-water,  and  the  total  descent  is  therefore  13  feet :  in  other  words,  in  order  to  raise 

the  water  up  to  the  proper  level  to  work  the  wheel,  we  should  have  to  lift  270  cubic  feet 

270  V  62^  V  18 
13  feet  high  every  minute.  .  The  power  required  for  this  would  be  ooaaa       ' 

=  about  6f  horse-power.  We  found  the  effective  power  of  the  wheel  about  5}  horse- 
power; that  is,  77  per  cent  o^  the  power  expended.  We  believe  that,  practically,  this 
estimate  would  be  found  too  high,  and  that  we  could  not  depend  on  obtaining  in  useful 
effect  more  than  60  to  70  per  cent,  of  the  water-power  expended. 

TeiaiiBol0gy« — The  terms  undershot^  overshot,  and  breast- wheels  have  been  ap- 
plied in  a  somewhat  different  way  from  that  in  which  we  have  used  them.  The  teem 
wulerskot  has  been  used  when  the  water  is  delivered  on  the  wheel  anywhere  below  the 
level  of  its  centre,  and  thus  the  wheeb  which  wc  have  called  ^^M^wheds  would  be 
among  the  uH4tr$hot;  the  term  ovenhot  has  been  used  in  those  cases  only  where  the 
spout  is  actually  carried  over  the  summit  of  the  wheel ;  and  the  term  breast  has  been 
ttppliedto  wheels  where  the  water  is  delivered  somewhere  above  the  central  level.  We 
think,  howevei^  that  th«  ckssiflcfttion  we  have  adopted  here'is  more  distinct^  as  it  re&is 
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not  onlj  to  the  different  points  where  the  water  is  deUyered,  but  also  to  differences  in 
the  oonstruction  of  the  wheels.  Thus,  the  undershot-wheel  is  that  which  reoeives  the 
water-pressure  on  simple  paddles  or  floats  immersed  in  the  current,  and  is  acted  on  by 
its  force  only ;  the  ov^r^Ao^- wheel  reoeives  the  water  at  a  high  level  in  buckets  formed 
in  its  circumference,  and  is  moyed  simply  by  the  weight  of  water  contained  in  them; 
the  ^AM^wheel  receives  the  water  on  paddles  or  floats  nearly  fitting  a  sweep  in  which 
they  revolve,  and  is  thus  put  in  motion  partly  by  the  weight  of  water  lodged  on  and 
between  the  floats,  and  partly  by  the  pressure  on  the  floats  arising  from  the  velocity  of 
the  current.  The.  i)eculiar  construction  of  each  kind  of  wheel  is  adapted  to  different 
oonditions  of  the  fiedl  of  water.  The  undershot- wheel  is  to  be  used  when  there  is  a 
volume  of  water  moving  with  considerable  velocity,  but  with  very  little  local  fall,  as  in 
the  case  of  river  streams  and  tidal  currents.  The  velocity  of  the  current  of  a  river 
arises  from  numerous  little  falls,  or  from  a  continuous  inclination,  without  any  oon- 
siderable  difference  of  level  within  a  limited  space.  The  velocity  of  a  tidal  current, 
again,  arises  from  the  pressure  of  the  tidal  wave,  or  body  of  ocean  water,  elevated  aboTe 
its  average  level  by  the  gravitating  influence  of  the  moon;  but  this  wave  appears  onlj 
as  a  gentle  and  almost  imperceptible  inclination  of  the  water  surface,  except  in  some 
estuaries,  such  as  the  Solway  Frith,  where  it  presents  itself  as  an  elevated  body  of 
water  rushing  with  considerable  velocity  towards  the  land. 

The  overshot-wheel  is  applicable  when  the  water  has  a  considerable  local  fall,  nearly 
equal  to  the  diameter  of  the  wheel ;  and  the  breast- wheel  when  the  local  fall  is  not 
great — ^less,  for  instance,  than  half  the  diameter-  of  the  wheel — ^but  when  it  is  of  oon- 
siderable  volume  and  moves  with  oonsideraUe  velocity.  In  order  to  apply  either  an 
overshot  or  a  breast- wheel,  it  is  generally  necessary  to  make  extensive  arrangements  for 
conducting  the  water  from  an  elevatod  level  to  the  wheel,  instead  .of  permitting  it  to 
follow  its  natural  channel.  When  a  stream  has  a  considerable  fall — such  as  40  or  50 
feet  in  each  mile  of  its  length — a  dam  or  weir  is  built  across  it  at  some  convenient 
position,  so  as  to  check  its  progress  there,  and  a  new  channel  is  f<»ined  for  conveying 
its  waters  to  the  mill,  and  thence  back  to  the  bed'of  the  streanpt  at  some  point  below  the 
dam.  As  the  artificial  (^nnel  is  made  with  only  sufficient  declivity  to  secure  the  fiov 
of  the  water  in  such  quantities  as  may  be  required,  it  is  thus  possible  to  obtain  at  the 
wheel  nearly  the  total  fall  which  the  channel  of  stream  has,  estimated  from  the  point 
where  the  dam  is  built  to  that  where  the  tail*wiater  of  the  mill  re-enters.  If^  foi 
instance,  lihet  stream  in  its  natural  channel  is  found  to  haye  a  fall  of  60  feet  in  a  mile— 
this  diffaronce  of  level  being  made  up  either  of  numerous  small  local  £Uls  or  of  a  con- 
tinuous declivity,  or  both — an  artificial  channel  is  formed  by  its  side,  or  as  near  it  aft 
the  levels  of  the  ground  pemiit,  having  a  constant  declivity  for.  half  a  mile  amounting  tQ 
6  feet  of  difference  of  level;  the  water  acts  on  a  wheel  vrith  a  fidl  of  20  feet,  and  9 
declivity  of  5  feet  is  allowed  in  the  length  of  the  tail-course.  The  difference  of  level  in 
l^e  channel  for  half  a  mile— that  is  to  say,  30  feet^is  thus  ma^  up,  and  the  power  dm 
to  f  rds  of  that  fall  is  thus  secured  for  driving  machinery.  The  current  of  tiie  stream 
itself  would  probably  not  have  so  great  a  velocity  at  any  place  as  to  make  it  practically 
Available  for  an  imdershot- wheel,  on  account  of  the  irregularities  of  its  channel,  andth« 
numerous  resistances  opposed  to  its  progress. 

Reserwoiva. — ^Where  there  is  no  stream  of  sufficient  magnitude  to  give  the  neoesr 
sary  power,  and  the  power  is  not  required  to  be  constantly  in  operation^  it  is  visual  te 
form  a  large  dam  or  reaervoif  for  collecting  the  constant  small  tribute  of  the  stream,  n 
^at  the  volume  of  water  thus  accumulated  may  be  employed  to  drive  the  i^^H  as  occar 
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sion  requires.  For  moying  agrioultiiral  mflohinery,  such  as  thrashing^-machuves,  this 
plan  is  very  commonly  resorted  to.  The  eom  of  a  ftim  is  geaerally  thrashed  in  th« 
winter  season,  when  there  is  the  best  supply  of  water  in  the  streams  and  from  the 
drainage  of  the  soiL  A  small  mill-dam  or  reservoir  collects  during  the  night  sufficient 
-water  to  drive  the  mill  through  the  following  day.  And  it  is  thus  possible,  even  in 
localities  where  apparently  no  water-power  can  be  obtained,  to  secure  enough  for  the 
work  to  be  done,  by  execating  a  properly  contriyed  dam,  and  turning  into  it  the  drainage 
of  the  surrounding  fields. 

When  water  is  applied  to  manufSu)tnring  purposes,  requiring  the  constant  supply  of 
•large  yolumes  of  water,  reservoirs  or  dams  are  sometimes  executed  on  a  gigantic  scale, 
in  order  to  store  up  against  a  season  of  drought  the  superfluous  supply  of  rainy  weather. 
In  aome  of  the  hilly  districts  of  England  and  Scotland,  these  works  are  of  a  most  impor- 
tant character,  and  the  interests  of  large  local  populations  are  dependent  on  their  effici- 
ency and  permanence.  When  the  diilerences  of  level  in  the  district  are  considerable, 
nmnexouB  mills  are  woiked  successively  by  the  same  water,  that  which  has  driven  the 
'higher  flowing  along  an  artiflcial  channel  till  it  arrives  at  the  next  lower ;  and  so  on  in. 
constant  succession  for  great  distances.  In  such  cases  the  mill-ownen  frequently  com- 
bine to  execute  works  for  the  benefit  of  aU,  and  of  much  greater  magnitnde  than  asingfe 
capitalist  could  undertake.  By  such  airangements  they  are  enabled  to  throw  immense 
dams  or  retaining- walls-  across  some  valley,  and  can  thus  collect  in  a  vast  reservoir  the 
drainage  of  an  extensive  range  of  Mils,  which  would  otherwise  flow  along  its  natural 
course  to  the  sea  without  being  turned  to  usefdl  account  as-  a  mover  of  machinery. 
While  tiie  rains  or  melting  of  the  snows  contribute  much  more  water  than  is  required, 
the  reservoir  m  filled;  and  when  thA  water  in  it  attuns  the  highest  level  required^  it 
is  permitted  to  overflow  into  its  natural  ohanneL  When  the  season  of  drought  anives, 
the  mills,  that  would  otherwise  be  at  a  stand-still,  derive  an  ample  supply  from  the 
leservoir,  extending,  in  some  cases,  over  many  square  miles  of  valley.  -When  the 
depth  of  this  reservoir  is  considerable,  great  strength  is  required  in  tiie  dam ;  and, 
notwithstanding  the  ingenuity  and  labour  expended  on  some  of  these  structures,  they 
sometimes  give  way;  and  the  enormous  volume  of  water  thus  suddenly  set  free  rushes 
■  impetwnuly  onward  to  the  sea,  d^rastaiing  irlKde  ^isiriots  in  its  course,  destroying 
erops  and  buildings,  and  too  finequently  oauaittg  a  great  saeriflce  of  life. 

The  sluices  or  valves  fbr  opening  and  doflSng  4;he  water-channel  of  a  mill  are  gene- 
rally of  very  eimple  eonstmction ;  tibey  eooBiat  of  a  plate  ef  wood  or  metal  made  to  fit 
against  a  framework  fixed  in  the  ohannel,  and  pressed  against  it  by  the  water.  This 
plate  is  made  to  slide  upwards  in  grooves  fittmg  it  at  each  side ;  and  when  it  is  of  large 
dimensions,  it  is  raised  or  depressed  by  raoks  and  pinions^  or  screws  fitted  with  appro- 
priate gearing.  By  opening  or  shutting  the  sluice,'  the  wheel  is  put  in  motion  or 
•topped  at  pleasure.  A  ohannel  is  alwajrs  ptevided  to  carry  off  the  surplus  water  to  ike 
iail-eQurse  of  the  wheel,  when  it  rises  in  the  spout  or  lead  above  the  sill  of  the  waste 


B«g«latoM^— Various  eontrivaaoes  have  been  applied  to  regulate  the  speed  of  water- 
wheels..  The  most  effectual  is  the  steam-engine  governor,  or  ponioal  pendulum  (Fig.  12§). 
A  throttle-valve,  or  plate  moving  on  an  axis  or  pivots  at  its  middle,  is  fitted  into  the  lead. 
XThen  it  presents  its  edge  io  the  enrrent,  it  ofibrs  very  little  obetade  to  its  course ;  but 
when  it  is  turned  into  an  oblique  poidtion  across  the  current,  it  arrests  all  the  water 
exeept  what  can  pass  through  the  openings  left  between  its  edges  and  the  sides  of  the 
-lead.    As  it  is  poised  on  pivots  in  ita  middle,,  the  pressure  of  water  on  eaeh  limh  is  tihe   r 
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Fig.  126. 


■ame ;  and  the  only  frarce  required  to  moye  it  in  either  direction  is  that  required  for 
oyerooming  the  friction  oi  its  piyots,  and  the  resistance  of  the  water  to  its  movement 

through  it,  a  force  yery  inconsiderable. 
The  goyemor  is  connected  bj  rods  and 
leyers  to  a  yalye  of  this  description  in 
such  a  manner,  that  when  firom  too 
great  velocity  of  the  water-wheel  the 
goyemor-balls  fly  out  from  thdr  axis, 
the  yalye  is  dosed,  or  partly  so,  and  the 
supply  of  water  to  the  wheel  diminished. 
When  the  wheel  moves  too  slowly,  the 
balls  &11  down  to  the  axisy  and  cause 
the  valve  to  open  for  the  passage  of  a 
greater  volume  of  water  to  the  wheeL 
By  this  arrangement  the  movement  of 
the  wheel  is  regulated  with  great  nicety, 
and  the  quantity  of  water  supplied  to 
the  wheel  is  suited  exactly  to  the  work  which  it  has  to  do.  The  consequence  is  a  great 
saving  of  tear  and  wear  to  the  machinery,  and  a  regularity  of  movement  better  suited 
to  almost  all  mechanical  operati<xi3  than  variations  in  velocity. 

The  power  which  can  be  derived  from  a  givmi  stream  of  water  may  be  computed 
with  tolorable  accuracy.  When,  by  levelling  the  gpround,  it  is  ascertained  how  much 
fall  may  be  secured,  making  ample  allowance  for  the  declivity  of  channel  to  and  from 
the  uitsnded  wheel,  the 
volume  of  water  delivered 
in  a  certain  time  is  to  be 
computed  by  measuring 
the  area  of  the  existing 
channel,  and  the  velocity 

with    which    tiie   water  Fig.  127. 

flows  through  it.  The  area  of  diaxmel  may  be  found  by  dropping  a  plumb-line,  at  nu- 
merous equal-measured  intervals,  across  some  part  of  the  channel  where  the  water  moves 
with  tolerably  equable  velocity,  and  tracing  out  the  section  according  to  the  measure- 
ments  so  taken.  The  area  ean  then  be  calculated  by  tiie  ordinary  rule  for  mensuratioii 
of  superficies:  for  example,  if  the  total  width  (^tbe  surfiEU»  of  the  stream  be  9  feet,  aiicl 
the  soundings  taken  at  every  foot  be  those  marked  in  Fig.  127  (in  feet  and  fnn^apoB  of  a 
£)ot),  the  area  is  the  sum  of  all  those  depths,  viz.  8  square  feet.  The  yelocity  of  tho 
current  may  then  be  ascertained  by  throwing  into  it  a  floating  body  at  some  distance 
above  a  marked  length  of  channel,  so  that  before  it  floats  within  the  lai^  of  the 
marked  distance  it  may  have  attained  the  speed  of  the  current.  The  time  of  its  passage 
over  the  marked  distance  may  be  then  observed  by  a  stop-watch.  We  may  assume,  for 
instance,  that  the  marked  distance  is  20  fset,  and  that  the  floating  body  occupiee 

6  seconds  in  passing  this;  we  conclude  that  its  velocity  is  -^  :=ihet^r  seconds 

We  must  not,  however,  assume  this  to  be  the  velocity  of  the  whole  stream,  tx  at  the 

bottom,  and  particularly  at  the  shallow  sides  of  the  channel,  the  fricticm  of  the  watn^ 

on  the  rough  surface  ocmsiderably  retards  it.    The  efiect  of  this  retardation  may  be 

.  often  obseifyed  upon  a  streak  of  foam  spreading  across  the  obannel,  the  Biiddle  ]mi% 
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advancing  rapidly  and  breaking  away  firom  the  dde  portions,  which  sometiines  are  erea 
caused  to  moTo  backwards  by  the  eddying  cnirents.  In  a  shallow  stream,  like  that  in 
the  case  we  have  sup- 
posed, we  should  not,  per- 
haps, be  safe  in  assuming 
more  than  half  the  middle 
surface  speed  as  the  ave- 
rage of  the  whole  stream, 
say  2  feet  per  second. 
Multiplying  this  by  the 
area,  we  find  that  8X2 
=  16  cubic  feet  of  water 
per  second  is  delivered 
by  the  stream.  Having 
levelled  the  ground  in 
the  neighbourhood  of  the 
stream,  we  find  that  by 
building  a  dam  4  feet  high 
at  A  (Fig.  128),  and  ex- 
cavating a  channel  with  a 
gentle  declivity  to  B,  a 
convenient  site  for  a  tnill^ 
and  thence  into  the  bed  of  the  stream,  we  can  get  a  fall  of  15  foet  at  the  mill-wheel, 
allowing  for  declivity  of  channel  from  A  to  B,  and  a  proper  fall  for  the  tail-water  from 
B  to  the  stream  at  B.  We  should,  therefore,  have  16  cubic  feet  of  water  per  second 
falling  down  15  feet  of  vertical  height  as  our  moving  power.    To  lift  this  quantity  up 

ihe  height  of  its  fall,  we  should  require  ^^  ^  ^\^J^^  ^  ^^  =  27  horse-power.    By 

a  proper  arrangement  of  whed  we  may  expect  to  secure  about  f  rds  of  this  for  effective 
.working  power,  which  we  ^ould  therefore  estimate  at  27  X  f  =  18  horse-power.  A 
sluice  would  be  fitted  across  the  lead  at  E,  so  that  ^  water  might  be  excluded  from  it 
for  puiposes  of  cleaning  or  repairing  the  channel ;  and  the  proper  sluice  and  regulating 
valve  would  be  fitted  at  the  mill  with  a  sluice  and  waste  water-course  C  for  emptying 
the  lead  when  the  entering  sluice  at  E  is  closed. 

Tk4  TurbiM'wheel. — ^When  the  vdume  of  water  is  small,  but  the  &11  considerable,  an 
apparatus  called  a  turbine  is  frequently  applied  with  great  advantage.  The  principle  of 
its  action  is  similar  to  that  of  the  well-known  firework  called  the  Catherine-wheel,  or  of 
the  revolving  jet  sometimes  applied  to  fountains.  For  a  considerable  period  it  has  been 
known  as  a  philosophical  toy  cfdled  Barker^s  milL  This  consists  of  a  vertical  tube,  with 
two  horizontal  branches  closed  at  the  end,  mounted  on  a  vertical  axis  on  which  it  can 
freely  revolve  (Fig.  129).  Near  the  extremity  of  the  horizontal  arms,  hdes  A  A  are 
made  on  opposite  sides ;  and  when,  wat^  is  poured  into  the  upper  part  of  the  tube,  it 
flows  through  these  holes,  and  makes  the  arms  revolve  in  the  opposite  direction.  The 
cause  of  their  motion  may  be  very  simi^y  explained.  If  we  suppose  the  apparatus  at 
rest,  and  the  holes  closed,  when  ^  tube  and  arms  are  filled  witii  water,  every  square 
inch  of  the  inner  surface  of  those  anus  is^eqilally  pressed  on  by  the  column  of  water  in 
the  vertical  tube;  for  it  is  the  property  of  fluids  to  communicate  pressure  equally  in 
all  direotionB.    Under  these  circumstances  there  is  no  tendency, to  produce  motion  in 
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any  direction;  but  if  the  holes  A  A  be  opened,  then,  while  the  presenre  on  one  side  of 
j^  tube  B  remAins  the  same  as  before,  that  on  the  other,  is  lessened  by  as  much  as  its 

surface  is  diminished.  If  we 
suppose  each  hole  to  have  an 
area  of  one  square  inch,  then 
each  side  of  the  tube  B  sustains 
a  pressure  on  one  square  inch 
more  than  the  other  side;  in 
other  words,  there  is  a  pressure 
on  B  exceeding  that  on  A  by 
that  due  to  the  area  of  the  hole 
in  A.  This  excess  of  pressure 
causes  motion  in  the  direction 
in  which  it  acts — that  is,  oppo- 
site to  the  flow  of  the  water 
issuing  from  the  holes ;  and  the 
force  of  the  moyement  depends 
upon  the  amount  of  unbalanced 
area  in  each  arm,  and  the  in- 
tensity of  pressure  upon  it. 

In  the  simple  Barker's  mill 
there  is  considerable  lossof  power 
from  impediments  to  the  flow  of 
the  water.  The  water  descend- 
ing the  tube  with  oonsiderable 
speed  is  suddenly  arrested  at  O, 
and  spread  out  laterally ;  losing 
by  this  angular  bend  a  consider- 
able part  of  its  velocity,  F6r 
the  same  reason  it  again  losea 
«peed  in  issuing  from  the  holes 
A  A;  and,  farther,  a  oof&slder- 
^^^'  able  part  of  the  power  ifi  ex- 

Fig.  129.  pended  in  giving  tlie  water  a. 

oircaUtr  motion  as  it  passes  along  the  arms.  A  certain  weight  of  water,  as  fbr  instance 
2  lbs.,  having  descended  the  tube  to  0,  has  merely  vertical  motion ;  half  of  it  (I  lb.)  htm 
suddenly  to  be  turned  at  right  angles  alimg  eaoh  horieontal  branch  and  is  immediately 
put  into  circular  motion  with  the  arm  in  its  revolution,  as  well  as  direct  motion  alon^ 
the  arm.  The  farther  it  flows  along  the  tube,  the  more  rapid  is  its  circular  motion ;  for  i£ 
we  take  any  points  D^  Dj  along  the>  tube,  and  trace  circles  through  them,  we  observe 
that  the  circumferences  of  these  ciides  increase  as  their  radii ;  and  as  each  of  tiie  cironixL* 
ferencee  is  passed  over  in  the  same  period,  the  time  of  a  revolution,  the  circular  velooitjF^ 
of  the  water  at  each  point  increases  in  like  proportion.  In  order  to  obviate  these  dcfeeta, 
the  form  of  the  tube  and  its  arms  is  modified.  Thus,  the  arms  torn  from  the  vertical  to 
the  horizontal  direction  by  a  gentle  curvature,  as  seen  in  the  section  (Fig.  130),'gfra^ 
dually  changing  the  vertical  movement  of  the  water  into  a  horizofntsl  movement  igritii. 
little  loss  of  force.  And  again,  tiie  arms,  of  which  therq  may  be  any  convenient  rnunber^ 
bend  also  hcnizontally,  as  seen  on  thoplan;  so  that  while  likey  revolve,  the^water  ocotained 
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in  them  is  really  moying  almoet  in  a  straiglit  line,  instead  of  being  swept  round  in  a 

circle. 

As  the  mouths  of  the  arms  must  be  made  of  such  an  area  as  to  permit  the  issue  of  the 

water  at  the  proper  Telocity  due  to  its  fall, 

if  they  are  made  too  small,  less  water  passes 

them  than  can  be  supplied,  and  the  machine 

is  not  so  powerful  as  it  might  be  with  the 

given  supply  of  water.    If,  on  the  other 

hand,  the  mouths  are  made  too  large,  the 

velocity  of  the  issuing  water  is  diminished ; 

and  the  pressure  on  the  opposite  sides  of 

the  arms  tending  to  drive  them  round,  is 

diminished  with  it    The  area  of  the  mouths 

being  decided  according  to  the  quantity  of 

water  and  its  velocity  fh>m  vertical  (tJiXf 

the   arms,  are  made  to  taper  gradually  to 

that  area,  so  that  the  velocity  of  the  water 

may  gradually  increase  to  suit  the  gradually 

diminished  area  of  its  channel,  as  it  would 

naturally  do  during  its  vertical   descent 

Due  consideration  having  been   given  to 

these  points,  as  well  as  to  the  best  mechani« 

cal  arrangements  for  strength,  durability, 
and  economy  of  execution,  the  machine  be- 
comes a  turbine,  practically  applicable  in 
many  cases  with  great  advantage.  M.  Foor- 
ncyron  in  France,  and  Messrs.  Whitelaw 
and  Stirrat  in  Scotland,  have  executed  many 
of  these  machines,  and  made  interesting  ex- 
periments on  their  power  and  the  best  modes 
of  constructing  them.  Their  simplicity  and 
efficiency,  and  the  small  space  they  occupy, 
give  them  an  advantage  over  water-wheels ; 
and  it  is  said  that  they  are  capable  of  de-  ^'  ^^' 

riving  from  a  fall  of  water  quite  as  mueh  eflectiye  power  as  wheels  of  the  best  constmo* 
tion,  even  if  the  volume  of  water  be  large.  Bxperiments  conducted  by  Morin  in  France 
lead  to  the  conclusion  that  turbines  are  actually  more  effective  than  wheels  under  similar 
circumstances,  the  useful  effect  averaging  from  70  to  78  per  cent,  of  the  power  of  the 
water.  It  has  been  found  that  eveh  the  immersion  of  the  arms  to  a  depth  of  several 
leet  in  water  does  not  materially  aflbot  their  action ;  so  that  even  greater  height  than 
that  of  the  fall  measured  to  the  level  of  the  tail- water  can  be  taken  advantage  of. 

Iq  estimating  the  power  that  may  be  derived  from  a  given  faU  by  means  of  a  tur- 
bine, iths  of  the  power  required  to  raise  the  water  up  again  may  be  reckoned  as  thp 
osefiil  effect    Thus  if  the  volume  of  water  bo  16  cubic  feet  per  second  and  the  fall 

1 R  V  An  V  A^-i  \t  1 5 
16  feet,  the  power  required  to  raise  it  would  be  — 3^000    ^^  *^^  horse- 
power ;  and  the  power  of  the  turbine  to  drive  machinery  may  be  taken  at  iths  of  27». 
about  20  horse-power. 


Digitized  by 


Google 


S48 


&AISINO  WATSA  FOB  IBftlOATtOlff. 


It  18  probable  that  turbineii  will  in  many  cases  take  the  place  of  water-wheeU. 
They  are  as  yet  comparatiyely  novel,  and  not  widely  known,  or  looked  on  with  preju- 
dice ;  but  as  improyements  are  gradually  made  in  their  construction  and  adaptation, 
and  as  they  become  more  common  in  their  application,  these  prejudices  will  doubtleea 
give  way,  and  no  longer  interfere  with  the  extended  use  of  a  simple  and  elegant  appa- 
ratus, instead  of  the  large  and  cumbrous  wheels  now  generally  used.  For  regulating 
the  motion  of  turbines,  arrangements  may  be  made  similar  to  those  used  for  goyeming 
water-wheels ;  the  quantity  of  water  supplied  to  the  turbine  being  regulated  according 
to  the  speed  required,  and  the  work  to  which  It  is  applied.  The  power  of  the  turbine 
IB  found  to  be  very  nearly  proportional  to  the  quantity  of  water  passing  through  it, 
so  that  having  found  its  maximum  power,  or  the  greatest  quantity  of  water  that  it  will 
use,  we  can  employ  |  or  jths  of  that  power  by  reducing  the  supply  of  water  to  |  or  f ths 
of  the  maximum. 

ConUiTances  fov  Halting  Watev.— Before  quitting  the  subject  of  water-power, 
we  may  notice  some  contrivances  by  which  a  volume  of  water  is  made  to  raise  a  smaller 
volume  to  a  greater  height  for  purposes  of  irrigation  or  the  like.  The  simplest  of  these 
is  the  Persian  wheel.  A  breast  or  undershot-wheel  of  the  ordinary  kind  has  a  number 
of  buckets  hung  on  pivots  to  its  circumference  (Fig.  131).    These  buckets  dip  into  tbe 

water  at  their  lowest  level, 
and  being  filled,  are  carried 
up  one  side  till  they  come  in 
contact  with  the  side  of  a 
spout  fitted  near  the  summit 
of  the  wheel.  They  are  canted 
over  by  this  spout,  and  dis- 
charge their  contents  mto  it, 
to  be  conveyed  away  for  their 
required  purposes.  Theempty 
buckets  descend  on  the  other 
side  to  be  again  filled  and 
lifted  as  before.  Thus  the 
force  of  a  stream  haying 
inconsiderable  fall  is  made 
to  lift  a  certain  quantity  of 
water  nearly  the  whole  height 
of  the  wheel  The  power  of 
the  wheel  is  expended  on  lifk- 
ing  a  continuous  weight  of 
filled  buckets  up  one  side;  and 
the  Quantity  of  water  contained  in  them,  as  well  as  the  height  to  which  it  is  lifted,  de- 
pend upon  the  size  of  the  floats  of  the  wheel  and  the  pressure  of  the  stream  upon  them. 
"We  may  suppose  a  wheel  20  feet  in  diameter,  with  floats  8  feet  broad  and  1  ft.  6  ins. 
deep,  worked  at  the  circumferential  velocity  of  4  feet  per  second  by  a  stream  flowing  at 
the  rate  of  12  feet  per  second.  Subtracting  4  from  12,  we  get  8  feet  per  second  as  the 
excess  of  velocity  of  the  stream  over  that  of  the  float  of  the  wheel ;  and  the  pressure  due 
to  that  excess  is  (f  or  1  squared)  that  of  a  column  of  water  1  foot  high.  The  area  of 
the  float  is  8  X  1|  ^  12  square  feet ;  therefore  the  total  pressure  on  the  float  is  equiva- 
lent to  12  cubic  feet  of  water,  and  it  moves  at  the  velocity  of  4  feet  per  second,  or 


ng.  131. 
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240  feet  per  minute,  giying  the  same  force  as  240  X  12  =  2880  cubio  feet  of  watei 

moYed  1  foot  per  minute.    We  may  deduct  }rd  of  this  to  allow^  for  various  losses,  thus 

leaying  an  effective  power  equivalent  to  1920  cubic  feet  of  water  lifted  1  foot  high  pei 

1920 
minute,  or  -^^  =  96  cubic  feet  lifted  20  feet  (the  height  of  the  wheel)  per  minute. 

As  the  wheel's  circumference  may  be  taken  at  00  feet  moving  at  the  rate  of  120  feet 
per  minute,  the  wheel  makes  2  revolutions  per  minute,  and  therefore  twice  in  every 
minute  lifts  the  contetits  of  all  its  buckets,  amounting  to  96  cubic  feet,  as  we  found 
above.  The  buckets  may  therefore  altogether  contain  48  cubic  feet ;  and  if  their  number 
be  24,  each  may  have  a  capacity  of  2  cubic  feet.  If  we  estimate  the  quantity  of  water 
acting  on  the  wheel  as  the  area  of  the  float  multiplied  by  the  velocity  of  the  stream,  it 
appears  that  8  ft.  X  1|  ft.  X  12  ft.  ^  144  cubic  feet  passes  per  second,  or  144  X  60 
=  8640  cubic  feet  per  minute,  of  which  96  or  -^tk  part  is  lifted  20  feet  high  by  the 
wheel  which  it  moves. 

The  hydraulic  ram  is  an  ingenious  contrivance,  by  which  a  small  fall  of  a  consider* 
able  body  of  water  is  made  to  raise  a  much  smaller  volume  of  water  to  a  considerable 
height.  From  a  reservoir  or  dam  A  at  the  height  of  a  few  feet  above  the  lower  level  of 
the  stream  at  B,  a  large  pipe  conducts  the  water ;  this  pipe  has  an  aperture  D  on  its 
upper  side  near  to  its  lower  end,  and  the  aperture  is  closed  by  a  valve  opening  upwards 


r  Fig.  132.  ' 
into  an  air-vessel,  firom  which  a  small  pipe  F  leads  to  a  cistern  at  a  level  considerably 
above  that  of  A.  At  the  lower  end  of  the  inclined  pipe  there  is  a  hinged  valve  £, 
opening  inwards,  and  kept  open  by  a  weight  fixed  on  a  lever  projecting  from  the  valve. 
This  weight  is  adjusted  nicely,  so  as  to  counterbalance  the  pressure  of  the  water  on  the 
surface  of  the  valve  £,  but  not  greatly  to  exceed  it.  When  the  weight  opens  the  valve, 
the  whole  of  the  water  in  the  inclined  pipe  C  begins  to  flow  downwards,  and  issue  at 
the  opening  made  by  the  valve  at  E.  Having  inquired  a  certain  velocity,  it  presses 
with  greater  force  on  the  valve,  and  closes  it  in  opposition  to  the  weight,  thereby  com- 
pletely arresting  its  own  flow ;  but  the  momentum  of  the  large  body  of  water  flowing 
along  the  pipe  C  cannot  be  suddenly  destroyed,  but  must  expend  itself  somewhere.  It 
therefore  lifts  the  small  valve  D  with  considerable  force,  and  part  of  it  flows  into  the 
air-vessel  and  up  the  pipe  F.    The  momentum  being  thus  absorbed,  and  the  water  in 
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the  pipe  C  having  become  still,  the  valye  E  again  is  opened  by  the  weight,  and  the 
operation  is  repeated.  Thus,  by  the  alternate  opening  and  closing  of  the  valve  E  nnder 
the  quiescent  and  moving  pressures  of  the  water,  a  certain  portion  of  the  water  is  forced 
up  the  pipe  F,  and  is  prevented  from  returning  by  the  closing  of  the  valve  D.  The 
object  of  the  air-vessel  is  to  provide  an  elastic  spring  for  the  water  propelled  upwards : 
every  time  that  the  water  is  injected  into  it,  the  air  in  its  upper  part  is  compressed  into 
a  smaller  space ;  and  being  perfectly  elastic,  tends  to  resume  its  former  volume.  It 
therefore  exerts  a  pressure  on  the  water,  and  continues  its  flow  along  the  pipe  F  during 
the  intervals  that  elapse  between  the  successive  discharges  through  the  valve  D.  In 
estimating  the  power  of  this  apparatus  to  raise  water,  we  may  suppose  it  arranged  with 
the  flow-pipe  vertical  instead  of  inclined,  as  it  is  usually  made  f3t  convenience,  the 
principle  not  being  altered,  but  the  details  of  calcidation  simplified  by  the  vertical 
arrangement  (Fig.  133).  We  may  suppose  that  the  height  from  the  valve  to  the  sur- 
face of  the  water  in  A  is  4  feet,  and  that  the  area  of 
the  valve  E  is  1  square  foot.  The  pressure  on  the 
valve  is,  therefore,  the  weight  of  4  cubic  feet  of  water,, 
namely,  4  X  62}  =  250  lbs.  The  effect  of  the  weight 
to  lift  the  valve  by  means  of  its  lever  must  be 
somewhat  greater  than  this.  If  the  valve  coidd  be 
-^       .        t- ^1  suddenly  lifted  so  as  to  leave  an  opening  to  the  full 

T  ^-^  extent  of  its  area,  1  square  foot,  the  water  would 

k  F^  descend  in  C  at  the  rate  of  16  feet  per  second,  the 

^  I=tf^  velocity  due  to  4  feet  head;  but  as  the  valve  opens 

gradually,  and  is  only  open  for  a  short  time,  and  that 
not  to  its  full  extent,  we  may  take  the  velocity  of  the 
descending  column  at  not  more  than  jth  of  this  rate ; 
that  is  to  say,  at  4  feet  per  second.  When  this  move- 
ment ensues,  the  valve  is  pressed  on  not  only  by  the 
weight  of  the  column  above  it,  as  before,  but  also  by 
the  weight  of  such  a  column  as  is  due  to  a  velocity  of 
4  feet  per  second,  which  will  be  found  by  calculation 
~-^=^"'=^"  to  be  ith  of  a  foot  high,  adding  62}  X  i,  about  15}  lbs. 
•^**  ^^'  to  the  load  on  the  valve.    This  additional  load  over- 

comes the  leverage  of  the  weight,  and  closes  the  valve;  but  the  column  of  water, 
1  foot  in  area  and  4  feet  high,  contained  in  C,  amoimting  to  4  cubic  feet,  is  thna 
arrested  whilst  moving  at  the  rate  of  4  feet  per  second ;  and  its  momentum,  which  is 
equivalent  to  that  of  4  X  4  =  16  cubic  feet,  moving  at  1  foot  per  second,  or  1  cubio 
foot  at  16  feet  per  second,  must  be  given  out  as  a  force  propelling  the  water  along  the 
small  pipe  at  the  side.  If  we  suppose  that  this  pipe  communicates  with  a  cistern  36 
feet  high,  the  velocity  due  to  that  height  is  48  feet  per  second ;  and  the  momentum  of 
1  cubic  foot,  moving  at  16  feet  per  second,  being  eqxiivalent  to  }rd  of  a  cubic  foot  moving 
at  48  feet  per  hour,  we  shoidd  expect  that  this  quantity — }rd  of  a  cubic  foot — would  be 
propelled  upwards  to  the  high  cistem  at  each  closing  of  the  valve.  We  must,  however, 
recollect  that  the  momentum  of  the  larger  volume  has  not  only  to  balance  that  of  the 
smaller, — ^it  must  considerably  exceed  it,  because  it  has  to  lift  the  valve,  to  give  the 
motion  upwards  to  the  column,  to  overcome  friction  in  the  pipes  and  other  impedi- 
ments, and  upon  the  whole  may  be  reckoned  effective  to  the  extent  of  not  more  than  ^1& 
of  its  estimated  force.    We  may  estimate,  then,  that  f^th  of  a  cubic  foot  is  pzopelleii 
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Up  to  the  liigh  dstem  by  the  descent  of  4  caUo  feet  throogh  4  feet  from  the  lower 
oistem.  Shotild  the  action  not  last  so  long  as  a  second,  a  smaller  yolume  will  descend, 
end  a  proportionally  smaller  quantity  will  be  sent  upwards,  and  conversely ;  but  the 
number  of  times  the  descent  and  ascent  take  place  in  a  giren  period  will  be  greater  or 
less  accordingly. 

We  have  presented  this  calculation  only  as  a  rough  approximation  to  the  practical 
results.  We  are  not  aware  that  any  carefUlly-conducted  experiments  with  hydraulic 
nmis  have  been  giren  to  the  world,  and  we  therefore  do  not  yenture  to  offer  any  esti- 
mate  as  a  guide  for  practice ;  but  hare  merely  discussed  a  case  with  the  yiew  of  opening 
the  questions  that  hare  to  be  considered  in  dealing  with  such  apparatus.  In  many 
situations  where  it  may  be  desirable  to  raise  water  for  the  purpose  of  ornamental  fountains, 
or  of  domestio  supply,  the  hydraulic  ram  is  applicable  with  great  advantage.  A  neigh- 
bouring stream  nuiy  be  dammed  so  as  to  provide  a  fall  of  a  few  feet,  if  it  has  not  suffi- 
cient local  fall  naturally;  and  the  apparatus  once  fixed  and  properly  adjusted  will  con- 
tinue effective  for  a  long  period.  It  is  exceedingly  simple,  entirely  self-acting,  and 
seldom  liable  to  derangement,  if  care  be  taken  to  fix  gratings  on  the  pipe  so  that  dirt  or 
extraneous  matter  of  any  kind  may  be  prevented  from  interfering  with  the  action  of  the 
valves. 

3.  Weight  a&A  SlasUelty  of  Bodies. — ^The  gravitating  attraction  which  the 
earth  exerts  on  bodies  near  its  surface,  and  the  force  with  which  elastic  bodies  tend  to 
resume  the  condition  from  which  they  have  been  withdrawn,  are  frequently  employed  for 
giving  motion  to  machinery,  chiefly  when  the  power  required  is  small,  but  exerted  for  con- 
siderable periods.  Weight  and  elasticity  are  not  reaUy  sources  of  power ;  they  rather 
afford  the  means  of  storing  up  efforts  of  short  duration  for  subsequent  use  during  longer 
periods.  Before  a  body  can  act  by  its  weight,  it  must  be  lifted  to  the  height  whence  it 
has  to  descend ;  and,  in  the  same  way,  before  a  body  can  act  by  its  elasticity,  its  condi- 
tion must  be  changed  to  the  extent  through  which  it  has  afterwards  to  return.  Thus,  in 
winding  up  a  clock  or  watch,  as  much  power  is  exerted  as  is  afterwards  given  out  by  the 
weight  or  spring  in  moving  the  machinery  with  which  either  is  connected.  The  weight 
of  the  clock  and  the  spring  of  the  watch  are  merely  instruments  for  absorbing  at  the 
moment  a  certain  amoimt  of  power,,  and  giving  it  out  by  degrees  afterwards.  The 
shnplest,  and,  it  may  be  said,  the  only  general  mode  of  employing  the  weight  of  a  solid 
body  to  give  impulse  to  machinery,  is  to  attach  it  by  a  chain  oi  stnng  to  a  cylindrical 
barrel  mounted  on  bearings  at  some  height  from  the  ground,  and  connected  by  gearing 
with  the  machinery  which  it  is  intended  to  move.  The  barrel  being  caused  to  revolve  by 
hand,  or  any  other  convenient  power  applied  to  it,  the  string  is  wound  round  it  and  th© 
weight  raised  from  the  ground.  When  left  to  itself,  the  weight,  attracted  again  towards 
the  earth,  descends,  unwinding  the  string  from  the  barrel,  causing  it  to  revolve,  and 
thite  giving  the  necessary  impulse  to  the  machinery.  Did  the  machinery  offer  no  resist- 
ance, the  weight  would  always  descend  with  a  speed  accelerated  at  every  moment  of  its 
descent  by  the  continued  action  of  gravity,  which  exerts  as  much  influence  on  a  body 
in  motion  as  on  one  at  rest.  In  dropping  a  stone  from  a  considerable  height,  whatever  be 
its  weight,  we  find  that  during  the  first  second  of  its  descent  it  acquires  a  velocity  of  32 
feiet  per  second.  Its  velocity  at  the  commencement  was  nothing,  for  it  began  to  move 
from  a  state  of  rest ;  at  every  one  of  the  instants  into  which  we  may  conceive  a  second 
of  time  divided,  it  acquired  more  and  more  velocity,  until  it  attained  the  final  velocity 
of  32  feet  per  second.  All  these  acquisitions  in  speed  are  equal  in  equal  times,  because 
the  force  of  gravity  is  constant,  and  therefore  exerts  equal  influences  in  equal  times. 
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Had  the  body  descended  during  the  whole  second  at  the  final  relodty  of  32  feet  per 
second,  it  would  of  course  have  passed  through  32  feet  of  space ;  had  its  velocity  re* 
mained  the  initial  velocity,  which  was  nothing,  it  would  have  descended  through  0  feet ; 
but  as  the  velocity  began  with  0  and  ended  with  32,  its  average  throughout  the  seoond 
was  16  feet  per  second ;  and  therefore  the  body  descends  in  the  first  second  throngh  16 
feet  During  the  next  second,  the  body,  starting  with  a  velocity  of  82,  acquires  an  addi- 
tional velocity  of  32,  and  therefore  ends  with  a  velocity  of  64  feet  per  seoond;  the  ave-> 
rage  being  48  feet  per  second,  and  therefore  the  descent  being  48  feet  of  height,  Adding 
this  to  the  space  descended  during  the  first  second,  16  feet,  we  find  that  in  the  first  2 
seconds  the  total  descent  is  64.  Were  we  to  pursue  the  investigation  farther,  we  should 
find  the  velocity  at  the  end  of  the  third  second  96  feet  per  second,  and  the  total  descent 
144  feet,  and  so  on  according  to  the  following  law : — The  velocity  (in  feet  per  second) 
acquired  by  a  falling  body  is  32  times  the  time  (in  seconds). 

The  space  (in  feet)  passed  through  by  a  falling  body  is  16  times  the  square  of  the 
time,  or  the  square  of  4  times  the  time.  Hence  it  follows  that  the  time  {in  seconds) 
occupied  by  the  descent  of  a  fiUling  body  through  a  given  height  (in  feet)  is  Jth  of  the 
square  root  of  the  height ;  that  the  velocity  (in  feet  per  seoond)  is  8  times  the  square 
root  of  the  height ;  and  that  the  height  is  the  square  of  ith  of  the  velocity. 

JSxample  1. — ^Bequired  the  velocity  acquired  by  a  fedling  body  in  5  seconds. 
32  X  5  =r  160  feet  per  second. 

Example  2. — ^Required  the  height  fSallen  by  a  body  in  6  seconds. 

16  X  6  X  6  =  400  feet,  or  (4  X  6  =)  20  X  20  =  400. 

Example  3. — Required  the  time  occupied  by  a  body  falling  through  400  feet. 
Sq.  root  of  400  is  20,  and  ^th  of  20  is  5  secoDds. 

Exan^le  4. — ^Required  the  velocity  acquired  in  falling  400  feet. 

Sq.  root  of  400  is  20,  and  8  times  20  is  160  feet  per  second. 

Example  6, — ^Required  the  distance  fallen  by  a  body  whei;  it  has  acquired  a  velocity^ 
of  160  feet  per  second. 

i|?  =r  20,  and  20  X  20  =  400  feet, 
o 

These  rules  only  apply  correctly  when  a  body  falls 
in  vacuo,  for  the  resistance  of  the  air  materially  retards 
the  velocities,  especially  when  they  become  consider* 
able,  and  when  the  body  has  considerable  bulk  in 
relation  to  its  weight.  Were  it  not  for  this  resistance, 
every  rain-drop,  descending  as  it  does  from  a  height 
of  many  hundred  feet,  would  strike  with  a  force  as  fatal 
as  that  of  a  nfle-bullet. 

When  part  of  the  weight  of  a  falling  body  is  balanced 
by  the  ascent  of  some  weight  connected  with  it,  its 
velocity  at  each  movement  is  materially  diminished, 
p.  .jj.  «^.^.«  When  two  equal  weights,  each  3  lbs.,  are  hung  by  a 
string  over  a  pulley  (Fig.  134),  they  exactly  balance 
each  oth^r — ^that  is  to  say,  the  gravitating  attraction  exerted  on  one  is  equal  to  that 
exerted  on  the  other;  and  as  the  one  cannot  descend,  in  accordance  with  this  force, 
without  causing  the  other  to  ascend  in  opposition  to  it,  no  motion  takes  place ;  but  if 
we  add  to  the  one  2  lbs.,  we  apply  to  that  side  the  gravitating  force  of  2  lbs.,  and  the 
n^otion  takes  place  in  obedience  to  it,    The  force  of  2  lbs.  has,  however,  not  only  to  put 
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in  motion  its  own  mass,  but  also  that  of  the  two  weights,  in  all  8  lbs,,  or  4  times  it? 
own  weight;  and  therefore  the  velocity  which  they  all  acquire  in  1  second  can  only  be 
the  Jth  of  that  which  the  2  lbs.  alone  would  acquire — that  is  to  say,  8  feet  per  second 
instead  of  32.  The  distanee  passed  over  must  therefore  be  only  Jth  of  what  it  would  be 
were  the  moving  weight  left  to  itself  withoi^t  having  to  put  the  others  in  motion.  In 
ail  such  oases,  then,  of  weights  partly  balanced,  if  we  knew  the  total  of  the  weights  put 
in  motion,  and  the  excess  of  the  one  over  the  other,  we  find  the  velocity  or  the  space  in 
a  given  time  by  the  following  rule : — 

Find  the  space  or  velocity  as  before,  multiply  by  the  excess  of  one  weight,  and 
divide  by  the  sum  of  all. 

Ei^ample  6. — Bequired  the  space  passed  through  in  4  seconds  by  a  weight  of  19  lbs. 
comieoted  by  a  string  over  a  pulley  with  one  of  13  lbs. 

The  excess  of  the  one  is  6  lbs. ;  the  sum  of  both  is  32  lbs.  The  s^aoe  would  be  for 
a  single  weight,  16  X  4  X  4  =  256  feet,  and 

— ^^T —  =  48  feet  is  the  space  descended  in  4  seconds  under  the  circumstances  given. 
32 

It  does  not  often  happen  that  in  practice  two  different  weights  are  hung  over  a 
pulley  as  we  have  just  described.  The  effect,  however,  is  just  the  same  if  there  be 
one  weight  acting  on  a  barrel,  and  if  the  movement  of  the  barrel  be  resisted  by  some 
known  force.  If,  for  instance,  we  had  a  weight  of  19  lbs.  attached  to  a  barrel  con- 
nected by  machinery  with  some  other  load,  and  we  found  that  13  lbs.  hung  to  the  barrel 
instead  of  19  lbs.  would  exactly  balance  the  load  upon  the  machinery,  so  that  no  move- 
ment of  the  barrel  took  place,  we  should  estimate,  as  we  have  done  above,  that  19  lbs. 
had  to  set  in  motion  itself  and  13  lbs.,  the  drag  of  the  machinery,  and  that  the  space 
passed  through,  in  four  seconds  would  be  48  feet,  as  we  have  computed.  All  such  esti- 
mates, however,  are  made  without  regard  to  the  resistance  caused  by  friction.  The 
rubbing  surfaces  of  machinery  are  so  irregular,  and  subject  to  such  changes  of  condition 
by  wear,  temperature,  deficiency  of  lubrication,  and  other  causes,  that  friction  cannot 
be  estimated  as  a  regular  resistance.  No  machinery  moved  by  a  weight,  without  some 
special  regulating  apparatus,  can  be  expected  to  move  with  uniform  velocity,  or  with 
velocity  varying  according  to  any  uniform  law,  on  account  of  these  irregularities  of 
resistance.  The  law  of  motion  which  a  falling  body  obeys  is,  therefore,  scarcely  ever 
practically  applicable.  In  all  machinery  moved  by  weights,  some  contrivances  are  in- 
troduced for  providing  a  resistance  so  much  greater  than  that  of  the  mere  friction,  that 
the  weights  upon  the  whole  may  be  made  to  descend  uniformly,  and  not  with  the 
accelerated  velocity  due  to  gravitating  force  alone.  Thus,  in  the  time-keeping  part  of 
a  dock,  the  weight  which  puts  the  whole '  in  motion  is  arrested  at  every  moment  of  its 
descent  by  the  pendulum  and  escapement.  The  motion  of  the  weight  downwards 
becomes  in  this  case  a  series  of  extremely  short  descents,  recurring  at  equal  intervals, 
whenever  the  pallets  of  the  escapement  permit  the  train  of  wheels  to  move.  The 
weight  employed  is  so  much  in  excess  of  the  resistance  from  friction,  that  the  irregu- 
larity in  the  time  of  each  of  its  partial  descents  is  exceedingly  smalL  The  regularity  of 
the  clock's  motion,  therefore,  depends  upon  the  uniformity  of  the  times  which  the  pen- 
dulum occupies  ia  each  of  its  beats,  the  interval  during  which  the  weight  descends  and 
the  train  moves  being  too  small  for  any  irregularity  to  manifest  itself.  In  the  striking 
part  of  a  dock,  there  is  no  necessity  for  extreme  regularity.  The  whole  striking  train 
is  kept  at  rest  until  the  time-keeping  part  comes  to  such  a  point,  that  it  removes  the 
obstacle  to  the  motion  of  the  striking-weight.    This,  being  relieved,  begins  to  descend, 
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tnd  wonld  go  on  detoending  with  accelerated  Telocity,  moying  its  train  of  wheels,  and 
causing  the  hammer  to  strike  the  bell  faster  and  faster,  were  not  a  resistance  provided 
sufficient  %o  preyent  the  acceleration  from  becoming  too  great.  The  apparatus  generaU  j 
used  fbr  giving  this  resistance  consists  of  a  small  revolving  hn.  or  wheel,  with  flat 
blades,  caused  to  rotate  very  rapidly  by  the  striking  train.  The  resistance  which  the 
air  offers  to  the  quick  passage  of  the  fan-blades  through  it  increases  as  their  velocity 
increases,  but  in  a  nnich  higher  ratio-;  and  gradually  as  the  weight  becomes  accelerated 
in  its  descent,  and  the  fan  consequently  rendered  more  rapid  in  its  rotation,  the  resist- 
ance of  air  to  the  fan  becomes  as  great  as  the  effort  of  gravitating-  attraction  on  the 
weight  When  this  velocity  has  been  attained,  the  weight  continues  to  descend  with 
nearly  unifbrm  speed,  and  the  strokes  of  the-  hanvrner  on  the  bell  are  made  to  succeed 
each  other  at  nearly  equal  intervals.  These  arrangements  are  sufficiently  complete  for 
their  purpose ;  fbr,  though  a  perf^tly  uniinrn  motion  is  not  attained-,  the  wpeed.  is  so 
nearly  regular  that  the  ear  does  not  appreciaite  any  marked  difference  in  the  intervals 
between  the  strokes^  Whan  a  peifectly  uniform  nu>tion  is  required^  as  it  is  sometimes 
far  measuring  intervals  of  time  accurately,  as  in  astronomical  observations,  it  is  neces- 
sary to  have  arrangement^  more-  delicate,  so  that  alt  irregularities  may  be  properly 
compensated.  A  very  ingenious  apparativ  was  contrived  some  years  ago  by  Mr. 
Froude,  of  Dartington,  Devon,  for  giving  perfectly  xmifbrm  velocity  of  rotation  to  a 
cylinder.  This  motion  was  necessary  for  enabKng  the  inventor  to  obtain  diagrams  ex- 
hibiting the  flow  of  air  into  a  vacuum,  the  pro* 
pelling  power  of  a  screw  on  a  boat  fitted  with  i1^ 
and  other  interesting  mechanical  phenomena.  In 
one  of  his  apparatus  he  employed  a  flat  disc  B 
(Fig.  135)  at  the  end  of  an  arm  suspended  from  a 
vertical  axis  A,  which  was^  caused  to  rotate  by  a 
tram  of  wheels  connected  with  a  weight  and  with 
the  cylinder,  which  was  required  to  be  uniformly 
moved.  The  disc  revolving  through  the  air  ofiered 
a  certain  venstance,.  depending  on  its  velocity ;  and 
H  at  any  instant  the  velocity  increased,  the  disc 
imiaediately  moved  outwards  from  the  vertical 
Kne,  owing^  to  it*  increased  centrifugal  force,  to 
some  flvch  position  as  that  indicated  by  the  dotted 
lines.  When  at  iSna  distance,  the-  radius  of  its 
orbit  D  E  was  greater  than  the  former  radius  B  C; 
and  therefore  the  speed  with  which  the  disc  was 
^.  18*.  driven  throogh  the  air  wt»  proportionately  greater, 

afnd  the  resistance  of  the  air  to  its  motion  increased  aecer(Hngly.  The  momentary  in- 
crease of  velocity,  therefore,  produced  a  considerable  increase  of  resistance,  and  thos 
reduced  itself  to  its  average  rate ;  and,  conversely,  a  decrease  of  velocity  dimxnished 
the  resistasace,  and  thus  restored  itself  Sy  a  proper  adjtMtment  of  the  disc  as  to  area, 
the  length  of  the  arm  by  which  it  swung,  and  a  weight  on  that  arm,  the  apparatus 
sonred  to  move  the  cylinder  for  many  minutes  with  a  velocity  in  which  there  was  not 
the  slightest  ajjipreclable  irregularity.  A  piece  of  paper  was  fibced  on  the  cylinder,  and 
•a  pencil^  connected  with  a  epring^balance  acted  on  by  the  pressure  to  be  measured,, 
traced  on  the  paper  us  it  revolved  a  dlagnam,  indicating  tib^  inteaotj  of  the  pressase  at 
«Teiy  instant  of  ths  notiett.. 


Digitized  by 


Googl. 


GOVERNING  POWER  OF  SPRINGS. 


d55 


Tig.  196. 


When  the  elasticity  of  a  solid  body  is  employed  as  a  force  for  moving  machinery, 
the  body  is  called  a  spring,  and  generally  oonsLsts  of  a  strip  of  steel  woimd  isAo  « 
spiral  form  round  an  axis  A,  as  shown  in  Fig. 
136;  one  end  of  the  strip  being  fixed  to  the 
axis,  and  the  other  at  B  to  the  side  of  the 
cylindrical  box  in  which  the  spring  is  contained. 
"When  the  box  is  fixed,  as  in  a  Geneva  watch, 
the  axis  is  turned  round  by  a  key,  and  the 
spring  is  thus  drawn  into  closer  convolutions. 
A  wheel  is  fixed  on  the  axis,  and  is  connected  by 
gearing  with  the  escapement  and  hands -of  tiie 
watch*  The  effort  of  the  spring  to  unwind  itself 
tsauses  the  axis  toTerolve  in  the  direction  oppo- 
site to  that  in  which  it  was  wound,  and  thus 
puts  the  train  of  wheels  in  motion.  It  is  the 
property  of  all  elastic  bodies  to  exert  a  force 
which  is  nearly  proportional  to  the  amount  of 
strain  to  whieh  -the  body  has  been  subjected.  As  we  wind  up  the  spiral  spring  ci 
a  watch,  we  apply  greater  and  greater  strain  the  farther  we  wind;  and  so  when 
the  spring  unwinds  itself  it  exerts  the  greatest  fsrce  at  first,  and  gradually  decreases  in 
power  the  farther  it  is  unwound.  This  decrease  of  force  is  an  irregularity  which  no 
-modification  of  the  form  of  spring  can  obviate,  but  which  may  be  considerably  dimi- 
nished by  making  the  spring  with  a  great  number  of  convolutions.  Thus,  we  may  sup- 
pose that  a  spring  of  20  convolutions,  or  turns,  is  wound  up  from  its  neutral  condition 
to  the  full  power  required  by  10  revolutions  of  the  axis.  In  unwinding  itself  it  w»uld 
lose  by  the  first  revolution  ifeth  of  its  force,  by  the  second  revolution  another  :j^th,  «nd 
80  on,  until  by  five  revolutions  backwards  it  would  lose  i^ths  or  |  of  its  full  force.  Bui 
if  we  suppose  the  spring  .had  forty  convolutions,  and  that  we  wound  it  up  by  20  revolu- 
tions of  the  axis  te  the  same  force  as  the  former  spring,  in  unwiiiding  itself  it  would 
lose  by  the  first  revolution  -^th,  by  the  second  another  ^th,  and  so  on  till  by  the  fifth 
it  would  lose  :^ths  or  Jth  of  its  full  force.  The  decrease  of  power  in  the  secoad  instance 
is  only  half  that  in  the  first,  the  axis  performing  in  each  case  an  equal  number  of  revo- 
lutions. It  is  therefore  important  to  give  all  springs  which  are  required  to  exert  a 
tolerably  equal  force  throughout  their  recoil  as  great  a  number  of  convolutions  as  pos- 
sible, and  to  employ  as  few  revobitio&s  of  the  axis  as  possible  for  moving  the  machinery, 
in  other  watcihes,  where  soiallness  of  bulk  is  not  so  muoh  studied,  and  in  clocks  moved 

by  springs,  the  axis  of  the  spring  is  fixed. 


Hg.  187. 


and  the  box  e  (Fig.  137)  containing  it  is 
caused  to  revolve  by  the  laooil  ^of  the 
spring,  and  to  wind^tpon  its  •uter  sur- 
fkce  a  small  chain.4  attached  to  a  fusee  a. 
This  fosee  is  a  conical  barrel,  with  a 
sorew-grookve  cut  in  its  surfeu^  to  ire- 
«eive  the  eoUa  of  the  chain.  Whan  the 
spring  is  beginning  to  recoil,  and  ^ece- 


ifore  acting  witli  ite  greatest  force,  tlie  chain  ^vMa  the  fosee  round  at  is  upper  .pant  where 
the  diamoter  is  smallest,  and  therefore  acts  with  least  leverage  on  the  tnin.  Aa  the 
•spring  losei*  fasce,  the  vchain  is  pulled  Irom  a  larger  diameter  of*  the  fuaee,  And  acts  wiA 
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more  and  more  lererago  on  the  train  as  its  tension  becomes  lest.  By  properly  propor* 
aoning  the  increase  in  the  diameter  of  the  fdsee  to  the  diminution  in  the  force  of  the 
spring,  the  power  applied  to  the  train  can  thus  be  made  perfectly  regular  throughout 
the  whole  range  of  the  spring's  recoil.  The  fusee  is  not  a  regular  cone,  the  outline  of 
its  section  being  part  of  a  hyperbolic  curve,  that  being  the  form  which  furnishes  the 
proper  prox^rtion  of  increase  of  diameter  to  diminution  of  spring  force. 

In  machinery  moyed  by  springs,  modes  of  regulating  the  speed  may  be  employed  as 
in  machinery  moyed  by  weights.  Thus,  in  spring-watches  and  clocks  the  balance- 
wheel  and  pendulum  are  used  for  governing  the  time-keeping  train,  and  the  fan  for 
governing  the  striking  part.  In  musical-boxes  the  fan  is  also  empl(^ed,  and  serves  to 
give  the  movement  of  the  barrel  sufficient  regularity  to  suit  the  regular  time  of  the 
music. 

Mr.  Froude,  to  whom  we  have  already  referred,  contrived  a  very  ingenious  regu- 
lating apparatus  for  machinery  moved  by  a  luring,  employing  the  resistance  of  the  air 
as  a  retardiag  force  in  a  manner  somewhat  similar  to  that  we  have  described,  hut  with 
a  difference  in  the  details,  made  with  a  view  to  render  the  apparatus  portable  and  capable 
of  acting  justly  without  regard  to  level.  The  reg^ulating  part  of  the  apparatus  consisted 
of  an  axis  with  a  longitudinal islot  cut  through  it,  mounted  in  bearings  at  A  A  (Fig.  138), 
and  connected  with  the  train  of 


machinery.  Within  the  slot 
there  was  fitted  a  short  transverse 
spindle  B,  to  which  were  fixed 
two  thin  blades,  kept  in  the  x>osi- 
tion  indicated  on  the  figure  by 
means  of  a  small  spring  made  to 
act  on  their  spindle.  When  this 
was  made  to  rotate  with  con- 
siderable velocity  in  the  bearings 
A  A,  the  blades  t^ided,  by  their 
centrifugal  force,  to  fly  outwards 
to  some  such  position  as  that 
marked  by  the  dotted  lines,  and 
thus  encountered  more  resistance 
from  the    air.      By  the  proper 


Fig.  188. 


adjustment  of  the  area  and  weight  of  these  blades  and  of  the  spring  which  acted  on 
their  spindle  in  opposition  to  their  centrifugal  force,  extreme  regularity  in  the  motion 
of  the  train  was  maintained. 

In  general,  for  moving  machinery  with  regular  speed,  weights  are  preferable  to 
springs,  because  the  force  of  a  weight  is  constant,  while  that  of  a  spring  varies  accord- 
ing to  its  tension.  But  weights  act  only  vertically,  while  springs  act  in  any  direction. 
For  all  portable  apparatus  which  cannot  be  maintained  in  a  constant  level  so  as  to  make 
the  direction  in  which  the  weight  acts  constant  with  relation  to  that  on  which  it  acts, 
springs  must  be  employed.  And  so  for  the  regulation  of  portable  apparatus,  escape- 
ments in  which  the  elasticity  of  a  spring  is  used  for  reocril,  instead  of  the  weight  of  a 
pendulum,  must  be  likewise  employed.  The  details  of  all  such  apparatus,  and  the  many 
ingenious  contrivances  applied  to  them,  form  the  subject  of  a  distinct  art,  that  of 
Horology,  which  will  be  treated  of  hereafter. 

Besides  contrivances  for  employing  the  weight  and  elasticity  of  solid  bodies  for 
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giving  motion  to  machinery,  there  are  others  by  which  the  weight  or  pressure  of  liqui<t'. 
and  the  elasticity  of  gases  are  also  applied  for  such  purposes. 

Among  these  the  hydraulic  lift  and  the  hydraulic  crane  may  be  particularly  noticed. 
The  hydraulic  lift,  in  its  most  simple  form,  consists  of  a  cylinder  dosed  at  bottom,  and 
fitted  with  a  plunger  or  ram,  which  passes  through  the  top  and  supports  a  stage  (Fig.  139). 
A  leather  collar,  fitting  round 
the  plunger,  is  placed  in  a 
recess  provided  in  the  neck  of 
the  cylinder,  so  as  to  prevent 
the  escape  of  water  around  the 
plunger.  A  pipe  from  a  high  E^ 
cistern  conducts  water  into 
the  cylinder,  and  another 
pipe  permits  the  water  to 
issue  from  it  Each  of  these 
pipes  is  provided  with  a  stop- 
cock, so  that  the  water  may 
be  admitted  to  the  cylinder,  or 
allowed  to  flow  from  it  at 
pleasure.  Since  liquids  com- 
municate pressure  eqiudly  in 
all  directions,  every  part  of 
the  cylinder  and  the  plunger 
is  pressed  upon  by  a  force  pro- 
portioned to  the  height  of  the 
dstem  which  supplies  the 
spparatus.  Every  27  inches 
«f  height  produces  a  pressure 
of  1  lb.  on  every  square  inch 
of  surface  exposed  to  it;  and 
by  making  the  area  of  the 
bottom  of  the  plunger  suf- 
ficiently large,  a  oonriderable 
weight  can  be  raised  on  the 
stage  which  it  carried.  Thus 
if  the  cistern  at  the  top  of  a 
house  be  54  feet  above  the 
ground-floor,  the  pressure  on 
the  internal  surfiwe  of  any 
vessel  on  the  ground-floor 
connected  with  it  by  a  pipe  is 
24  lbs.  per  square  inch.  If 
this  vessel  be  a  cylinder,  such 
•as  we  have  described,  fitted 


Fig.  189. 


vifh  a  plunger  10  inches  diameter,  having  therefore  a  sectional  area  of  78f  square 
mches,  the  pressure  forcing  this  plunger  upwards  amounts  to  7B|  X  24  =z  1884  lbs. 
Bod  if  from  this  we  deduct  764  lbs.  as  a  weight  exceeding  that  of  the  plunger  and  plat- 
form, there  remains  a  pressure  of  1120  lbs.  torcing  the  plunger  upwards.    A  load  then 
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•f  tliis  amomit,  half  a  ton,  may  be  placed  on  the  platfonn  when  it  Ib  in  its  lowest  poai^ 
tion,  and  the  cock  being  opened  to  the  cistern,  the  whole  will  be  raised  to  a  height  equal 
to  that  of  the  plunger,  which  may  be  made  sufficient  for  lifting  goods  from  one  floor  to 
another.  By  closing  tiie  cistern-cock  and  opening  the  other,  the  water  is  permitted  to- 
leave  the  cylinder;  and  the  plunger,  no  longer  subjected  to  upward  i^essure,  descends 
to  its  former  position. 

The  water-pressure  may  be  made  to  act  in  a  way  somewhat  diflferent  in  detail,  but 
similar  in  principle,,  by  fitting  the  cylinder  with  a  piston,,  connected  by  a  rod  passing 

tightly  through  the  cylinder  coyer 
with  a  rope  or  chain,  which  may  be 
led  by  pulleys  in  any  convenient 
direction  fdr  lifting  weights  attached 
to  it.  The  water-pressure  acting  on 
the  piston,  forces  it  down  the  cylin* 
der,  and  thus  pulls  the  chain  and  lifta 
the  weight.  Such  an  arrangement 
constituites  the  hydraulic  crane.  The 
advantage  of  employing  water  for 
lifting  weights  in  this  manner  con- 
sists in  the  circumstance  that  a  smali 
0team-engine,  or  other  power,  can  be 
constantly  employed  in  raising  th& 
water  to  a  high  cistern,  and  that 
great  lifting  power  can  be  obtained 
for  a  short  time  by  the  expenditure 
of  a  portion  of  the  water  thus  raised. 
The  water  lifted  to  a  height  beccHnes,. 
in  fact,  a  reservoir  of  power,  ready  to 
be  used  when  required,  and  accnmu> 
lates  the  efforts  of  a  smaU  power  act- 
Pig.  140.  jjjg  through  a  considerable  period, 
ready  to  be  expended  as  a  great  power  acting  through  a  short  time.  Farther,  this 
power  is  completely  under  control ;  for  by  the  mere  turning  of  a  stop-cock,  or  the  qpening^ 
or  closing  of  a  valve,  it  can  be  put  in  action  or  arrested  at  pleasure ;  and  the  speed  with, 
which  a  weight  is  moved,  and  the  height  to  which  it  is  raised,  can  be  regulated  with 
the  greatest  nicety. 

Apparatus  have  sometimes  been  applied  in  which  water  flowing  from  a  high 
level,  or  compressed  air,  may  be  made  to  act  as*  aiS9am  in  a  steam-engine,  for  giving 
motion  to  machinery.  The  construction  of  such  apparatus  is  very  wmilar  to  that  of  the 
steam-engine,  and  may  be  easily  understood  by  one  who  has  studied  the  arrangement  of. 
the  latter. 

The  pressure  of  the  atmosphere  has  also^been  employed  as  a  moving-force  in  the  tase 
of  the  atmospheric  railway.  We  must,  however,  defer  any  consideration  of  this  subject 
until  we  shall  have  discussed  the  steam-engine. 

4.  Beat  and  Electricity.— In  treating  of  heat,  electricity,  magnetism,  and. 
chemical  action,  as  sources  of  power,  we  embrace  a  very  wide  range  of  matter,  which 
may  with  advantage  be  subdivided.  We  may  here  merely  notice  the  branches  which. 
this  division  of  the  subject  embraces. 
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Heat  is  Hie  power  wluch  ia  applied  in  the  steam-engine,  the  most  advantageous  and 
-videly-employed  of  all  apparatus  for  rendering  natural  powers  serrioeabie  to  man.  Tbia 
branch  of  practical  mechanics  will  therefore  demand  o«nsiderable  space  ibr  its  special 
•diflcoBaion. 

Electricity,  magnetism,  and  chemical  action  are  the  powers  applied  in  the  electric- 
telegraph ;  and  in  some  apparatus  that  have  been  oentrired  for  empleying  them  ii. 
moving  machinery.    The  electric-telegraph  has  attained  an  importance,  taid  presents  so 
many  points  for  consideration,  that  we  most  give  it  also  special  cansideration  in  another 
place.     The  attempts  that  have  been  made  to  render  electricity,  magnetism,  and  chemi- 
cal action  available  as  prime  movers  of  machinery,  have  not  been  crowned  with  much 
success     We  do  not  think  it  necessary,  therefore,  to  devote  space  in  a  work  on  practical 
mechanics  to  the  discussion  of  contrivances  which  have  not  been  made  practically  avail- 
able.    It  is  not  to  be  denied  that  the  phenomena  attending  electricity,  magnetism, 
I   and  chemical  action,  present  forces  which  could  be  and  have  been  applied  as  prime 
!    movers.   It  has  been  found,  however,  that  the  great  cost  hitherto  attending  their  preduc- 
I    tion,  without  any  compensating  benefits  from  their  application,  must  place  contrivances 
I   for  applying  them  in  the  list  of  the  ingenious  and  interesting  rather  than  the  useful. 
I    Among  these  we  may  notice  an  engine  contrived  to  act  by  the  alternate  decomposition 
,   of  water  into  its  elements — ^the  elastic  gases,  oxygen  and  hydrogen — and  its  re-compo- 
j   flition  by  their  combustion.     The  one  operation,  dooMnpoeition,  produced  a  pressure  of 
I    the  elastic  .gases  liberated  from  their  condensed  liqoid  condition^  the  other  operation 
I    condensed  the  gases  again  into  water,  and  thus  removed  the  pressure  produced  by  the 
I    former.    The  cost  of  decomposing  watet,  as  it  was  proposed,  by  electricity,  was  so 
!    great  as  to  render  the  scheme  practically  abortive. 

The  apparatus  intended  to  utilize  electricity  and  magnetism  as  prime  movers,  have 
been  devised  on  two  distinct  principles.  In  the  one  set,  the  attractive  and  repulsive 
force  of  a  magnet  has  been  employed  as  the  element  of  power,  the  magnet  being  ren. 
•  dered  alternately  active  and  neutral  by  the  movement  of  a  current  of  voltaic  electricity 
aroimd  the  iron  constituting  it;  or  its  cessation.  However  great  may  be  the  attractive 
i  force  of  an  electro-magnet  on  iron  very  near  it,  it  is  found  that  on  an  increase  of  dis- 
tance, the  force  diminishes  very  much.  This  limitation  of  the  magnef  s  power  to  short 
distances  renders  the  problem  of  empleying  it  as  a  moving  force  by  na  means  an 
easy  one. 

The  other  set  of  electro-magnetic  engines  were  contrived  to  take  advantage  of  the 
singular  properties  by  which  magnetism  and  voltaic  electricity  appear  to  be  connected  to 
one  another.     It  is  found  that  when  a  stream  of  electricity  is  made  to  pass  along 
numerous  mirea  in  the  neighbourhood  of  a  magnetic-needle,  the  needle  is  deflected  so 
as  to  stand  transversely  to  the  current.   And,  conversely,  it  is  found  that  the  mere  posi- 
tion of  a  magni^tlc-needle  within  a  coil  of  wire  encircling  it  induces  a  current  of  elec- 
tricity along  the  wire.    Motion  is  caused  by  this  reciprocal  action  af  magnetic  bodies 
and  electrical  currents ;  and  it  has  been  endeavoured  to  render  this  motion  available  in 
'  'ving  machinery.    In  this,  as  in  all  electro-magnetic  machine^  however,  the  cost  of 
oducing  the  power,  by  the  solution  of  zinc  or  some  other  metal  in  the  galvanic  bat- 
y,  has  been  found  too  great ;  and  none  of  these  contrivances  have  ever  come  into 
npetition  with  the  steam-engine,  in  which  the  cost  of  producing  the  power  by  the 
nbuation  of  fuel  is  tu  more  moderate. 
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THE  STEAM-ENGINE. 
It  is  usual  for  writers  ou  the  steam-engine  to  giye  an  outline  of  its  Iiistory,  tracing 
up  from  the  earliest  times  successive  contriyances  and  suggestions  for  rendering  the 
elasticity  of  vapours  applicable  as  a  motive  power.  This  mode  of  introducing  the  stu- 
dent to  the  consideration  of  the  mechanical  arrangements,  which  now  constitute  a  com- 
plete steam-engine,  is  not  without  its  advantages.  It  is  calculated  to  open  the  student's 
mind  to  the  defects  of  successive  inventions^  and  the  modes  in  which  they  have  been 
gradually  removed,  until  what  was  at  one  time  loolced  on  as  an  ingenious  and  interesting 
philosophical  toy,  has  become  an  apparatus  that  has  changed  the  whole  face  of  civilized 
society,  and  almost  brought  the  elements  within  the  control  of  man.  By  watching  the 
steps  of  inventors  in  this  progress,  the  student  becomes  well  prepared  to  comprehend  the 
details  of  the  perfected  apparatus,  and  the  reasons  why  certain  modifications  have  been 
introduced  as  improvements,  while  others  have  been  found  practically  inapplicable.  But 
it  happens  with  the  steam-engine  as  with  almost  all  other  mechanical  contrivances,  that 
its  earliest  forms  are  by  no  means  the  most  simple :  and  that  improvements  have  often 
consisted  more  in  discarding  useless  complications  than  in  adding  new  parts.  We  think, 
upon  the  whole,  that  the  steam-engine  may  be  best  studied  in  its  most  simple  forms, 
regardless  of  their  historical  sequence,  especially  when  a  practical  knowledge  of  its  con- 
struction and  applications  is  desired,  rather  than  a  popular  theoretical  acquaintance  with 
its  leading  features.  We  propose,  therefore,  to  discuss,  in  the  first  place,  the  genera) 
properties  of  steam,  and  the  modes  adopted  for  generating  it  in  a  manner  suitable  for 
rendering  it  available  as  a  prime  mover.  And  we  will,  secondly,  consider  the  special 
forms  of  apparatus,  or  engines,  through  which  the  steam  is  made  to  act  for  producing 
the  movement  of  machinery.  By  this  course  we  shall  hope  to  give  the  reader  a  clear 
view  of  the  whole  subject ;  and  we  shall  take  such  opportunities  as  offer  themselves  of 
referring  to  the  various  inventicms  that  have,  from  time  to  time,  been  brought  to  bear. 

To  the  advantages  arising  from  the  use  of  steam  as  a  motive  power,  to  the  changes 
that  have  been  efiected  by  its  introduction,  and  the  still  greater  changes  that  may  be 
confidently  expected  from  its  more  extended  application,  we  need  scarcely  refer.  These 
are  patent  to  all ;  for  in  the  present  condition  of  society  few  operations  are  conducted  in 
which  the  steam-engine  does  not  play  the  most  prominent  part. 

ExpansiTe  Power  of  Uquids. — ^When  a  liquid  is  exposed  to  heat,  it  expands 
in  bulk ;  and  when  the  heat  is  carried  to  a  certain  point,  part  of  the  liquid  rises  from 
the  rest  in  the  form  of  vapoiu*,  occupying  a  much  greater  volume  than  it  did  in  its 
liquid  condition.  It  is  probable  that  all  substances,  solid  as  well  as  liquid,  are  capable  of 
being  changed  into  the  vaporous  form  by  heat.  Some  bodies,  such  as  ether  and  alcohol 
among  liquids,  and  iodine  among  solids,  rise  in  vapoiu*  at  comparatively  low  temperatures. 
Others,  again,  such  as  many  of  the  metals,  even  after  they  have  become  liquid  under  the 
influence  of  heat,  require  very  considerable  accessions  of  temperature  before  they  pass 
into  vapour.  Water,  one  of  the  substances  most  widely  diffused  in  nature,  and  there- 
fore most  cheaply  obtained,  holds  a  middle  course  in  this  respect  between  these  extremes^ 
and  attains  by  no  great  accessions  of  temperature  properties  which  render  it  especially 
serviceable  for  human  use.  It  is,  indeed,  among  the  most  obvious  of  the  beneficent 
arrangements  of  Providence  that  this  substance,  almost  everywhere  accessible ;  possessed 
of  no  corroding  power  like  acids  or  alkalies ;  of  no  intoxicating  qualities  like  spirits ;  not 
of  inconvenient  gravity  like  metals, — should  be  at  the  same  time  capable  of  absorbing  vatt 
qua-'tities  of  heat,  and  of  giving  it  out  in  the  shape  of  active  motive  power.  It  has  been 
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proposed  to  employ  the  yaponn  of  ether,  alcohol,  rolphuret  of  carbon,  or  mercury,  for 
moving  engines ;  but  no  advantages  from  their  use  in  this  way  have  presented  themselves, 
such  as  could  bring  them  into  competition  with  water.  We  will,  therefore,  confine  our- 
selves to  the  latter  substance,  which  is  the  only  one  turned  practically  to  account. 

The  atmosphere  which  envelops  the  earth,  though  invisible,  is  neyertheless  possessed 
of  weight,  and  presses  on  the  surface  of  all  bodies  in  it  exactly  as  the  water  contained  in 
a  cistern  presses  on  bodies  immersed  in  it.  The  pressure  of  the  atmosphere  at  the  sur- 
face of  the  earth  is  about  15  lbs.  on  eyery  square  inch.  This  pressure  varies  with 
changes  in  the  density  of  the  atmosphere,  but  not  to  a  great  extent.  The  average  is 
generally  stated  at  somewhat  less  than  15  lbs.  per  square  inch ;  but  for  all  practical  cal- 
culations 15  lbs.  may  be  assumed  without  involving  material  error.  Water  contained  in 
any  vessel  exposed  to  the  air  is  thus  pressed  upon,  and  retains  its  liquid  form  at  ordinary 
temperatures.  But  if  the  temperature  of  the  water  be  raised  to  212°,  as  measured  by 
Fahrenheit's  thermometer,  its  vapour  at  that  temperature  has  an  elastic  force  which 
exactly  balances  the  atmospheric  pressure,  and  part  of  the  water  consequently  rises  in 
the  form  of  vapour  and  mingles  with  the  air,  displacing  as  much  of  the  latter  as  is  equi-  * 
valent  to  its  own  bulk.  Were  the  pressure  of  tiie  air  removed,  vapour  would^rise  from 
the  water  at  much  lower  temperatures  than  212°,  and  occupy  the  vacant  space  in  the  vessel 
containing  it.  Thus,  when  a  saucer  containing  water  is  placed  under  the  receiver  of  an 
air-pump,  as  the  air  is  extracted  from  the  receiver,  vapour  rises  from  the  water ;  and 
however  low  may  be  the  temperature  of  the  water,  vapour  continues  to  rise  from  it  as 
the  pressure  of  air  on  its  surface  is  diminished.  Even  under  the  full  atmospheric 
pressure,  water  is  constantly  evaporating  at  ordinary  temperatures,  for  the  air  seems  to 
have  a  power  of  dissolving  water  or  taking  it  up  in  a  vaporous  form,  just  as  water  dis- 
solves salt  and  retains  it  diffused  through  it  in  a  liquid  form. 

At  every  different  temperature  at  which  vapour  may  exist,  its  elastic  force  is  different, 
being  greater  the  greater  the  temperature,  but  not  proportionally  so.  When  we  inquire 
what  is  meant  by  the  elastic  force  of  a  vapour,  we  can  only  say  that  it  is  a  property 
common  to  all  aeriform  bodies,  by  which  they  react  on  any  surface  compressing  them, 
or  tend  to  expand  into  a  larger  volume  than  that  in  which  they  are  confined.  There 
seems,  indeed,  to  exist  a  repulsive  force  among  the  particles  which  constitute  a  gaseous 
body,  pushing  them  asunder  with  equal  power  in  every  direction,  and  requiring  some 
contrary  compressing  force  to  retain  them  in  their  places.  We  have  no  example  of  a 
gaseous  body  existing  without  1>eing  contained  in  an  envelope  of  some  kind,  or  being 
pressed  upon  by  some  siirrounding  medium.  The  air  at  the  surface  of  the  earth  is 
pressed  upon  by  the  weight  of  air  above  it,  and  exerts  an  elastic  force  exactly  balancing 
the  pressure  of  the  superinciunbent  fluid.  If  its  elastic  force  were  either  greater  or  less 
than  the  force  compressing  it,  it  would  expand  and  lift  the  air  above  it;  or  it  would 
collapse  under  a  pressure  greater  than  it  could  resist.  As  we  ascend  higher,  the  weight 
pressing  on  the  air  is  diminished,  because  there  being  a  certain  amount  of  the  atmosphere 
left  below,  there  remains  a  less  amount  above.  We  find  accordingly  that  at  any  height 
above  the  earth's  surface  the  elastic  force  of  the  air  is  diminished  in  proportion  as  the 
pressure  upon  it  is 
lessened.     At  the 


of     a    high 


M         1 


t  D  C  i^  B 

mountain,       like  Pig-  1*1. 

Mont  Blanc,  the  elastic  force  of  the  air  is  not  more  than  half  that  of  the  air  at  the  surface. 

If  we  were  to  introduce  a  drop  of  oil  into  a  small  glass  tube  closed  at  one  end  (Fig.  141), 
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■o  that  the  oil  tthould  form  a  film,  or  diaphragm,  across  the  tube  at  some  pc\ut  A,  we  should 
enclose  butween  A  and  B  a  portion  of  air  in  the  same  condition  as  that  eurroundisg  us. 
If,  now,  we  ascended  a  mountain  we  should  find  the  air-film  at  points  C,  B,  E  succes- 
sively, as  we  attained  greater  height.  Before  our  ascent  commenced  the  elastic  force  of 
the  air  in  A  B  pressed  the  oil-film  outwards  with  exactly  the  same  force  as  that  of  th6 
weight  of  superincumbent  air  pressix^g  it  inwards,  and  accordingly  the  film  remained  at 
rest.  As  we  ascended  we  subjected  the  film  to  less  pressure  inwards,  because  we  had 
less  weight  of  air  above  os ;  and  accordingly  the  elasticity  of  the  air  in  A  £  overbalanced 
the  pressure,  and  pushed  the  film  to  some  such  point  as  E ;  not  by  fits  and  starts,  but 
gradually  as  we  ascended. 

We  have  now  to  inquire  why  there  should  be  any  point  such  as  C  where  the  fihn 
coiAd  rest ;  in  other  words,  why  the  elastic  force  of  air  in  the  tube,  having  once  ove^ 
balanced  the  pressure  of  the  external  air,  should  again  become  equal  to  it,  and  no  longt^r 
force  the  fikn  outwards.  The  reply  to  this  question  involves  the  consideration  of  a 
most  important  law  to  which  all  elastic  fluids  are  equally  subjected.  It  is  called 
Marriott's  law,  after  the  name  of  the  person  who  gave  it  to  the  world,  and  is  to  tbia 
effect : — The  elasticity  of  a  gae  is  proporti^nai  to  its  density — that  is  to  say,  the  greatei 
the  number  of  particles  of  a  gas  we  force  into  a  certain  space,  or  the  smaller  we  make 
the  space  containing  a  certain  weight  of  gas,  the  greater  we  make  its  elastic  force,  and 
conversely.  Eeferring  now  to  the  air  in  the  tube,  we  find  that  when  the  film  has  arrived 
at  C,  the  space  containing  the  air  is  extended  from  A  B  to  C  B,  and  the  elastic  force  i» 
^minished  in  like  proportion.  In  fact,  the  density  and  elasticity  of  the  air  within  tht 
film  is  exactly  the  sane  as  that  of  the  air  without,  and  the  film  remains  motionless  at  G 
as  long  as  this  equality  subsists.  Again,  as  we  ascend,  the  external  pressure  diminishes; 
the  elasticity  of  the  air  within  pushes  the  film  outwards,  and  thus>  extends  its  space  until 
its  elasticity  is  reduced  to  an  equality  with  the  pressure  of  the  external  air  ;  and  so  on 
without  limit.  In  descending  we  should  find  the  film  moving  inwards,  according  as  it 
became  subjected  to  a  greater  external  pressure ;  to  positions  such  that  the  air  confined 
within  it  became  of  a  density  sufficient  to  balance  the  pressure.  Notwithstanding  the 
extreme  simplicity  of  Marriott's  law,  it  is  one  of  the  greatest 
importance,  and  should  be  thoroughly  understood  by  any  one 
desirous  of  an  acquaintance  with  the  steam-engine,  for  it 
applies  to  steam  as  closely  as  to  any  gas.  From  this  law 
it  follows,  that  if  we  forced  air  or  steam  occup3ring  a  volume 
of  2  cubic  feet  into  a  vessel  of  the  capacity  of  I  cubic  foot, 
we  should  find  the  elasticity  doubled,  because  the  density 
would  be  doubled,  n  the  volume  reduced  to  hal£  Conversely, 
if  we  permitted  1  cubic  foot  of  air  or  steam  to  occuq^y  a  volume 
of  2  cubic  feet,  we  should  reduce  its  elastic  force  to  half  of 
what  it  was  before  expansion,  because  we  have  doubled  its 
volume,  or  reduced  its  density  to  half  of  what  it  was.  In  order 
to  illustrate  these  facts,  let  us  suppose  that  a  cylindrical  vessel 
is  fitted  with  a  piston  that  can  slide  in  it  (Fig.  142),  having 
an  area  of  1  square  inch,  and  that  a  load  of  20  lbs.  placed  on 
the  piston  forced  it  down  to  a  position  C  D,  an  inch  from  A  B, 
compressing  below  it  the  air  or  steam  occupying  the  part 
^'^^'  A  B  D  C  of  the  cylinder.     We  should  then  say  that  tha 

•elasticity  or  pressure  of  the  air  or  steam  was  20  lbs.  per  square  inch,  becautt  it 
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iMdancefl  or  supports  a  load  of  20  lbs.  placed  on  a  piston  exposed  to  its  elastic  forcer 
If. we  suppose  another  inch  added  to  the  length  of  the  cylinder,  the  added  space 
A  £  F  B  being  totally  empty,  and  the  former  bottom  A  B  suddenly  withdrawn,  sa 
that  the  air  or  steam  had  its  space  or  volume  doubled,  we  should  find  20  lbs.  on 
&e  piston  twice  as  much  a»  it  should  be  to  retain  the  piston  in  its  place,  and 
w-ould  have  to  replace  it  by  a  load  ei  10  lbs.,  because  the  elasticity  of  the  air  or 
steam  becomes  half  of  what  it  was  before  the  increase  of  its  rolume  to  the  double  of 
what  it  was.  "We  have  already  stated  that  the  pressure  or  elasticity  of  the  air  near  the 
surface  of  the  earth  is  about  15  lbs.  on  evefy  square  inch.  If  then  a  cylinder  like  that 
which  we  harve  just  described  were  filled  with  air  under  the  piston  and  placed  in  a 
vacuum,  theie  wocdd  be  required  on  the  piston  a  load  of  Id  lbs.  to  retain  it  in  its  place. 
Were  the  load  less  than  15  lbs.,  the  air  under  the  piston  would  expand  in  volume  and 
raise  it ;  or  were  the  load  greater,  the  piston  would  be  pressed  downwards,  increasing  the 
density  of  the  air  below  it,  and  proportionally  its  elasticity,  until  the  load  became 
exactly  balanced.  But  a  cylinder  of  ike  kind  described,  filled  with  air  and  not  placed 
in  a  vacuum,  requires  no  actual  weight  on  the  piston,  be- 
cause the  suiTOtmding  atmosphere  affords  a  load  exactly 
equivalent  to  ih/B  weight  that  would  be  required  in  a 
vacuum.  If  the  cylinder  were  filled  with  steam  instead 
of  air,  and  with  no  load  on  the  piston,  the  steam  would  be 
said  to  be  at  atmospheric  pressure,  because  its  elasticity 
(ending  to  force  the  piston  upwards  is  exactly  balanced  by 
the  pressure  of  the  atmosphere  tending  to  force  it  down- 
wards. If  the  piston  required  a  load  of  15  lbs.  upon  it, 
the  steam  would  be  said  to  exert  a  pressure  of  two  at- 
mospheres, or  of  15  lbs.  above  atmospheric  pressure.  So) 
if  the  steam  sustained  loads  of  80  lbs.,  45  lbs.,  60  lbs.,  &c., 
placed  on  the  piston,  its  pressure  would  be  called^  that  of 
3,  4,  5,  &c.,  atmo^heres;  or  of  30  lbs.  45  lbs.,  60  Ibs.^ 
&c.,  above  atmospheric  pressure. 

The  pressure  or  elasticity  of  fluids,  sueh  as  air  or  steamy 
is  often  expressed  in  terms  of  inches  of  mercury,  or  of  the 
height  of  column  of  mercury  which  they  can  sustain.  It 
happens  that  2  cubic  inches  of  mercury  weig^  very  nearly 
1  lb.,  and  that  30  cubic  inches  weigh,  consequently,  about 
15  lbs.  Now,  if  we  suppose  a  tube,  having  1  square  inch 
of  secti(Hkal  area,  bent  as  in  Fig.  143,  and  closed  at  both 
ends  A  and  D,  were  filled  with  mercury  to  a  height  of  30 
inches  ia  one  limb  above  the  level  in  the  other,  tlie  part 
A  B  being  a  perfect  vacuum,  and  the  part  D  C  filled  with 
air,  smce  the  weight  of  the  column  30  inches  high  is  15  lbs., 

this  pressure  of  15  lbs.  is  communicated  through  the  mer-      ii        q  ^^  ^^ 

cury  in  the  bend  to  the  air  in  C  D,  which  consequently  re-  ' 

acts  with  an  elastic  force  equivalent  to  15  lbs.  on  the 
Surface  of  the  mercury  exposed  to  it.    That  is  to  say,  the 
elastioity  or  pressure  of  the  air  in  0  D  is  15  lbs.,  or  1  at- 
mosphere ;  and  the  tube  might  be  opened  at  B  to  the  ordi-  ^^'  ^^ 
nary  pressure  of  the  atmosphere  without  effecting  any  change  in  the  equilibrium. 
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of  the  mercurial  column.  The  inBtrument  in  this  form  would  become  the  ordinary 
barometer,  which  measures  the  pressure  or  density  of  the  atmosphere  by  the  height 
of  a  mercurial  column  sustained  in  a  tube,  eyery  2  inches  of  height  of  mercury  oor^ 
responding  to  1  lb.  of  pressure  per  square  inch. 

If  a  bent  tube  (Fig.  144)  were  connected  with  a  yessel  A  containing  water,  on  heat 

being  applied  to  the  water,  steam  would 
be  generated  in  A,  and  press,  by  its 
elastic  force,  the  mercury  downwards  in 
one  limb  of  the  tube  and  upwards  in 
the  other,  until  it  attained  such  a  position 
that  the  excess  of  weight  of  mercury  in 
the  one  limb  and  the  pressure  of  the 
atmosphere  on  its  upper  surface  C 
should  exactly  balance  the  elastic  force 
of  the  steam  in  A.  If  the  height  of  C 
above  B  were  60  inches,  the  steam 
wodd  be  said  to  exert  a  pressure  of  60 
inches  of  mercury,  or  30  lbs.  per  sqiuure 
inch  aboTe  atmospheric  pressure,  or  to 
have  a  total  elasticity  of  3  atmospheres. 
We  haye  already  said  that  the  elasticity 
of  steam  is  greater  the  greater  its  temi>e- 
rature.  There  is  no  simple  rule  for  cal- 
culating the  pressure  due  to  any  given 
temperature,  as  the  law  which  governs 
its  variations  is  of  rather  an  abstruse 
character.  The  following  table  of  the 
pressures  and  corresponding  temperatures  of  steam,  or  the  vapour  of  water,  is  com- 
piled from  the  results  of  numerous  experiments  made  with  a  view  to  establish  some 
law. 

In  a  treatise  like  this  we  must  abstailt  from  the  discussion  of  this  law,  on 
account  of  the  advanced  analysis  required  for  its  investigation.  Nor  need  we  offer  a 
formula  for  calculating  the  pressure  corresponding  to  a  given  temperature,  as  the  table 
contains  results  sufficiently  accurate  for  all  practical  purposes.  The  table  only  applies 
to  the  case  of  steam  in  a  boiler,  or  vessel,  in  contact  with  the  water  from  which  it  is 
generated.  Were  we  to  remove  any  portion  of  steam  into  another  vessel  and  then  sub- 
ject it  to  heat  without  water  being  in  contact  with  it,  we  would  simply  expand  its 
volume  as  we  should  air  or  any  other  gas  by  an  increase  of  temperature ;  or  confining  its 
volume,  elevate  its  pressure  according  to  a  tbtally  different  law. 

In  the  first  column  of  the  table  the  temperatures  are  marked  in  degrees  of  Fahren* 
heit's  thermometer. 

The  second  contains  the  pressures  in  atmospheres  oorrespoiiding  to  the  tem- 
peratures. 

The  third  gives  the  pressures  in  inches  of  mercury,  or  the  heights  in  inches  of 
mercurial  columns  capable  of  balancing  the  elasticities. 

The  fourth  column  gives  the  pressures  in  pounds  per  square  inch  above  that  of  the 
atmosphere ;  or  the  loads  in  pounds  required,  in  addition  to  that  of  the  atmosphere,  to 
keep  down  a  piston  having  an  area  of  1  square  inch  pressed  upwards  by  the  steam. 


Fig.  144. 
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Pressure  in 

Pressure  in 

Pressure  in  ibs. 

Inches  of  mereur/. 

sboTe  atnxoepherie. 

0017 

0-6 

14J  bebir. 

0120 

3-6 

13i     „ 

0-600 

16 

7J     „ 

1000 

30 

0   above. 

2000 

60 

16       „ 

3000 

90 

30       „ 

4000 

120 

46       „ 

6-000 

160 

60       „ 

6000 

180 

75       „ 

8-000 

240 

106       „ 

12000 

360 

166       „ 

20000 

600 

286       „ 

TemperataTOy 

Euurenjiext* 

60" 
120° 
180° 
212° 
260° 
276° 
290° 
806° 
320° 
344° 
372° 
432° 

We  would  remark  that  for  temperatures  below  180°  and  above  344°  the  results  are 
somewhat  uncertain.  It  is  within  these  limits,  however,  that  any  practical  application 
of  the  table  can  be  required,  for  we  seldom  have  to  do  with  steam  pressing  with  elastic 
force  of  less  than  half  an  atmosphere  on  the  one  hand,  or  with  pressures  above  eight 
atmof^heres  on  the  other. 

The  great  secret  of  the  power  derivable  from  steam  lies  in  the  fact  that  a  small 
vohmie  of  water  by  heat  is  expanded  into  a  large  volume  of  elastic  vapour,  tendmg  to 
occupy  a  greatly  increased  space,  and  forcing  any  obstacle  presented  to  its  expansion 
with  the  pressure  due  to  its  elasticity.  The  volume  of  steam  produced  from  a  given 
quantity  of  water  has  been  variously  stated ;  but  we  believe  it  may  be  very  correctly 
estimated  at  1600  times  when  the  pressure  is  equivalent  to  1  atmosphere.  That  is  to 
say,  a  cubic  inch  of  water  contained  in  a  vessel  open  to  the  air,  when  boiled  off  into 
steam,  occupies  1600  cubic  inches  of  bulk,  and  forces  the  air  contained  in  the  vessel 
away  to  the  extent  of  tiuit  expanded  volume ;  or  expands  with  a  force  of  16  lbs.  on 
every  square  inch,  which  is  the  measure  of  the  atmospheric  pressure,  and  therefore  the 
force  resisting  the  expansion  of  the  steam.  But  had  tiie  vessel  containing  the  steam  a 
volume  of  only  800  cubic  inches,  or  half  that  to  which  the  steam  would  expand  at 
atmospheric  pressure,  then  the  density  of  the  steam  being  doubled — or,  in  other  words, 
the  number  of  particles  crowded  hito  any  part  of  the  space  being  doubled — ^the  pressure 
on  every  part  of  the  vessel  would  be  doubled  also.  If  the  cover  of  the  vessel  were  a 
moveable  piston  having  1  square  inch  area,  it  would  in  this  case  require  a  load  of  16  lbs. 
in  addition  to  the  atmospheric  pressure  upon  it  to  keep  down  the  elastic  steam  within. 

Looking  at  the  question  generally,  we  see  that  the  volume  occupied  by  steam  from 
a  certain  qtiantity  of  water  is  inversely  as  the  pressure,  because  the  pressure  is  as  the 
density,  and  the  density  is  inversely  as  the  volume.  The  following  is  the  rule  for  calcu- 
lating tiie  volume  of  steam  at  any  pressure  produced  from  a  given  volume  of  water. 

£ule, — ^Multiply  the  volume  of  water  by  1600,  and  divide  by  the  pressure  in  atmos* 
pheres. 

Example  1. — ^Bequired  the  volume  of  steam  at  4  atmospheres  (or  having  a  pressure 
of  46  lbs.  per  square  inch  above  atmospheric  pressure)  generated  from  3  oubic  feet 
i)f  water. 

^  X  ^^Q<^  =  1200  cubic  feet  of  steam. 
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CoBYetwl J,  to  find  the  qnMotity  of  vita-  mniij  to  genente  ft  gifoi  i 
ilcuD  at  ft  giTai  preHme. 

Jbde.—MxdtifiLy  the  Toliiiiie  of  iteaiii  by  tlie  pianre  in  atmoKptMoeg,  anft  diride 
I7I6OO. 

Ermmpfe  ^— Beqimed  tbe  water  niuawij  to  generate  1200  eulnc  iset  of  aleara  at 
4  atmo^lieres. 

1??!^  *  =  3  caKc  feet  of  water. 
1600 

Exampie  S. — A  tjBnder  12  mchesdiameter  and  20  inclies  long  is  IQled  120  tima  per 
minute  with  steam,  liaving  a  pressore  of  30  lbs.  above  that  of  the  atmos^iere;  immirBil 
the  quantity  of  water  necessary  to  genraate  the  steam. 

The  area  of  a  circle  12  inches  diameter  is  113  square  inches,  and  the  cajiaeity  of  the 
eylinder  is  113  X  20  =  2260  enhic  inches.  This  capacity  filled  120  times  gires  a 
Tolnme  of  steam  =  2260  X  120  =  271200  cubic  inches.  As  the  steam  presses  with 
30  lbs.  above  that  of  the  atmnsphere,  or  altogether  with  46  lbs.,  that  is  3  atmosphere^ 

the  volume  of  water  is  ^^?^^^  =  g084  cubic  inches. 
1600  • 

From  these  examples  it  is  evident  that  a  great  fiirce  can  be  obtained  by  subjecting 
water  to  the  action  of  heat  Just  as  a  few  grains  of  gunpowder  on  being  ignited  be- 
come suddenly  transformed  into  a  large  volume  of  elastic  gases,  which  by  their  e^ian- 
aive  force  propel  a  ball  with  great  velocity,  or  burst  asmder  the  solid  rock;  so  a  small 
quantity  of  water  heated  above  212^  is  changed  into  a  perfectly  dastic  vapour,  pressing 
upon  the  envelope  containing  it»  and  forcing  any  body  oppeeing  ito  ezpanaion  throu^ 
a  space  sufficiently  great  to  permit  ito  enormous  increase  af  buflc  Bat  not  only  to  the 
expansion  of  its  volume  does  vaporized  water  owe  its  excellence  as  a  moving  force,  for 
^ts  increased  volume  can  be  suddenly  reduced  to  a  small  bulk  by  the  application  of  cold, 
or  the  removal  of  the  heat  whidi  is  necessary  to  its  vaporous  condition;  and  whatever 
force  tbe  steam  exerted  in  expansion,  is  returned  again  by  its  condensation. 

Thus  if  a  vessel 'ContainiBg  1  eubic  inch  of  water,  and  799  cubic  indies  of  air,  were 
heated  so  as  to  turn  the  water  into  steam  at  twice  the  atmospheric  pressure,  the  steam 
would  force  out  the  air  and  occupy  its  place;  acting  as  it  expanded  with  a  pressure  of 
16  lbs.  on  every  square  inch  above  that  of  the  atmosphere. 
Were  the  vessel  now  cooled  so  as  to  reduce  the  800  cubic  inches 
of  steam  to  1  cubic  inch  of  water,  the  vacuum  left  by  the 
condensed  steam  would  be  immediately  filled  by  air  pressed 
into  it  by  the  surrounding  atmos^^iere  with  a  force  of  151ba. 
on  every  square  inch.  Were  the  Tessel  fitted  with  a  piston  or 
partition  oapaUe  of  sliding  upwavds  or  downwards  in  it  with* 
out  permitting  the  passage  of  fiusd  round  its  edges^  the  effect 
would  be  the  same ;  for  if  the  piston  at  A  {Fig.  145)  were  in 
contact  with  the  water  befi>re  boiling,  and  raised-to  B  by  ito 
■expansien  into  steam  on  heat  bdng  applied,  it  most,  in  rising, 
have  been  subjected  to  a  pressure  of  30  lbs.  on  every  square 
Inch  of  its  under  surfiice,  so  as  to  overbalance  the  atmospho' 

ric  pressure  on  its  upper  surfiuw  by  15  lbs.     On  cold  being 

Rs^  14Su  applied  so  as  to  reduce  the  steam  to  its  original  icolume  «f 

water,  the  piessme  esi  the  under  surface  of  the  piston  being 
jremoved,  that  «#  the  lur  on  its  U{(p6r  surfeuie  again  forces  itdownwards  firam  B  to  A,  ito 
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original  position.  Thus,  both  in  the  ascent  and  in  the  descent  there  is  developed  a  force- 
applicable  to  the  movement  of  machinery  properly  connected  with  the  moving  piston. 
In  order  that  we  may  attain  some  notion  of  the  amount  of  this  force,  let  us  suppose  thai 
the  piston  has  an  area  of  1  square  foot,  and  can  rise  and  fall  2  feet^  and  that  we  have 
the  means  of  genftrefaig  and  condensing  the  steam  in  the  vessel  50  times-  in  every 
minute. 

SmoQ  I  Bcpa&re  foot  = 144  sqiiare  inches^ 

And  on  every  square  inch  the  pressure  is   •      15  lbs. 

The  total  pressure  on  the  piston  is    .    .    .  2160  lbs. 

This  force  is  moved  2  feet  up  and  2  feet  down  50  times  per  minute,  or  through  a 

space  of  200  feet  per  minute,  and  i»  therefore  equivalent  to  2160  X  200  =  432000  lbs. 

moved  through  1  foot  per  minute.     A  horse-power  being  reckoned  at  33000  lbs.  moved 

1  foot  per  minute,  the  force  of  the  piston,  as  we  have  estimafted  it,  is  equivalent  to 

432000 
-  =13  horse-power.    From  thia  «xample  it  will  appear  that  by  increasing,  the 

size  of  the  piston,  the  distance  through  which  it  is  moved,  the  rapidity  of  its  alternations, 
and  consequently  the  means  of  generating  aad  condensing  the  steam,  almost  unlimited 
power  can  be  attained. 

In  many  steam-engines  advantage  i«  not  taken  of  the  power  derivable  from  the  con- 
densation of  the  steam — its  mere  expansive  power  is  employed ;  and,  after  having  done 
its  work,  the  expanded  steam  i»  allowed  to  escape  into  the  atmosphere.  This  system 
is  adopted  for  the  satfee  of  economy,  lightness,  and  timpHcity  in  the  construction  of  the 
engine;  and  such  engines  are  «alled  high-preaswre  or  non-'Wndenaing :  high-preaaurey 
because  the  steam  must  exert  a  pressure  considerably  hi^er  than  that  of  the  atmosphere 
against  which  it  has  to  act ;  or  non-eondenainfff  becaasethe  steam  is  not  condensed  after 
'..aving  done  its  work.  In  other  steam-engines,  called  low-preaturt  or  condensing 
engines,  although  greater  power  is  derived  &om  the  steam,  yet  the  machinery  is  rather 
more  complex  and  heavy  and  more  liaUe  to  derangement,  and  a  large  supply  of  cold 
water  is  necessary  to  effect  the  condensation  of  the  steam.  Of  late  years  many  engines 
have  been  advantageously  employed  where  the  steam  is  first  caused  to  act  as  it  does  in 
a  nonMX>ndensing  engine ;  but  instead  of  being  blown  out  into  the  air,  it  is  afterwards 
made  to  do  d«ty  as  in  a  condensing  engine.  Such  are  ctdled  combined  engines,  because 
the  principles  of  expansion  and  condensation  are  combined  in  their  action  to  a  greater 
ztent  than  in  most  others. 

Before  entering  upon  questions  connected  with  the  practical  construction  of  the 
steam-engine,  it  will  be  advisable,  in  the  first  place,  to  discuss  theoretically  some  of  the 
piincipal  facts  oonnected  with  the  expansion  and  pressure  of  steam,  or  generally  of 
elastic  flvids. 

If  we  suppose  a  cylindrical  vessel  fitted  with  an  air-tight  piston,  and  containing  within 
it  a  certain  volume  of  air,  steam^  or  any  gaseous  fluid  peiiectly  elastic,  we  may  represent 
the  amount  of  pressure  which  the  fluid  exerts  on  the  piston  at  6  (Fig.  146)  by  the  length 
of  a  vertical  line  B  C.  For  exavple,  if  the  area  of  the  piston  be  1  square  in^,  and  the 
prtissure  on  it  at  B  be  15  lbs.,,  we  may  draw  a  line  or  ordinate  B  C  15  inches  long,, 
taking  1  inch  for  each  pound,  or  15  half  inches,  or  15  tenths  of  an  inch,  or  any  other 
proportion  that  we  may  find  convenient.  If  now  we  -applied  a  force  to  the  piston  so  a» 
to  push  it  along  thevcyUnder  to'some  place  Bi,  and  there  drew  an  oniinadle  B^  G^  having 
a  length  bearing  to  the  pressure  on  the  piston  at  B^  the  same  proportion  as  the  length 
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of  B  C  bean  to  the  prenure  at  Bi ;  and  ii^ftrtber,  ire  dreir  an  ordinate  at  B,,  and  others 
at  any  number  of  intermediate  points,  we  might,  by  tracing  a  cunre  C,  Oi  C  through  all 
the  points  so  determined,  exhibit  graphiGally  the  rate  of  Tariation  of  pressure  aoooniing 


Kg.  146. 
to  that  of  Tolume  or  density.  The  law,  to  which  we  haye  already  alluded,  called 
Marriott's  law,  is  very  simple,  yiz.  that  the  Tolume  multiplied  by  the  pressure  is  always 
constant— that  is  to  say,  the  length  of  A  B  (which  represents  the  volume  of  gas  when 
the  piston  is  at  B),  multiplied  by  the  height  of  B  0  (which  represents  the  pressure  at  B), 
gives  the  same  product  as  that  of  the  length  of  A  B^  multiplied  by  Bi  Ci,  or  of  A  Bj| 
multiplied  by  B,  Cj. 

NoU.^The  curve  C,  Ci  C  (Fig.  146)  is  called  the  hyperbola^  and  it  can  readily  be 

traced  geometrically  thus : 
IfAB  (Pig.  147)  be  the 
given  volume  or  length  of 
the  cylinder  when  the 
pressure  is  B  C,  take  any 
other  point  B,  and  draw 
an  ordinate  B,  G  cutting 
in  F  a  line  C  E  parallel  to 
A  B ;  join  A  F,  and  pro- 
long it  to  meet  B  0  in  D, 
and  through  D  draw  D  0, 
parallel  to  A  B,  cutting 
Bj  G  in  Cj ;  then  Oj  is  the 
point  of  the  curve  cor- 
responding to  Bj,  for 
A  B2  X  B,  C2,  or  the  area 
of  the  rectangle  A  Bj  0^  H. 
is  equal  to  A  B  X  B  0,  or 
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Fig.  147. 


the  area  of  A  B  C  E,  as  might  readily  be  proved.    Any  number  of  points,  such  as  C^ 
being  found,  the  curve  can  be  traced  through  them. 
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Iff  hutead  (ji  filling  the  length  A  B  of  the  cylinder  with  flnid,  and  then  forcing  in 
the  piston  so  as  to  compress  it,  increasing  the  pressure  in  proportion  to  the  inerease  of 
density,  we  supposed  the  piston  to  he  at  B,,  and  the  part  A  Bj  of  the  cylinder  filled 
with  elastic  fluid,  it  would  force  the  piston  towards  B  with  pressure  gradually  diminiah" 
iog  with  the  density  according  to  the  same  law,  and  the  cunre  C,  C^  C  would  terminata 
the  ordinates  representing  pressures  along  the  stroke  or  distance  passed  over  by  the  piston. 
This  is  precisely  the  condition  under  which  the  piston  of  a  steam-engine  is  ordinarily 
wtnied;  and  by  taking  a  practical  example  we  may  ascertain  what  power  is  developed 
by  the  expansion  of  the  steam.  We  shall  suppose  that  in  a  steam  cylinder  of  1  square 
inch  area  the  piston  is  close  to  the  end  A ;  and  that  by  an  opening  there  steam,  haying  a 
pressure  of  4  atmospheres,  60  lbs.  per  square  inch,  is  admitted  so  as  to  force  the  piston 
away  from  A  to  the  position  B^,  I  inch  from  A.  The  steam-opening  then  being  dosed, 
the  cylinder  contains  1  cubic  inch  of  steam  4  times  the  density  of  steam  at  atmospheik 
pressure,  and  pressing  on  the  piston  with  a  force  of  60  lbs.  When  the  piston  has 
reached  Bj,  2  inches  from  A,  the  steam  has  expanded  to  2  cubic  inches,  and  is  therefore 
half  its  former  density,  or  twice  that  of  steam  at  atmospheric  pressure,  acting  on  the 
piston  with  a  force  of  80  lbs.  At  B,  4  inches  from  A,  the  density  is  one-fourth  of  that 
at  Bj,  and  the  pressure  on  the  piston  is  15  lbs.  By  reckoning  the  pressures  at  a  number 
of  intermediate  points,  we  might  ascertain  an  ayerage  pressure  of  nearly  35  lbs. 
throughout  the  stroke,  and  thence  calculate  the  power  deyeloped  by  the  movement  of 
the  piston  to  be  35  lbs.  moved  through  4  inches,  or  140  lbs.  moved  through  1  inch  by 
the  action  of  1  cubic  inch  of  steam  at  a  pressure  of  4  atmospheres — a  quantity  that 
would  be  generated  from  ^i^th  cubic  inch  of  water. 

Now,  if  we  take  another  case,  using  the  same  quantity  or  weight  of  steanif  but  at  a 
different  pressure,  we  shall  find  a  marked  difference  in  the  power  developed.  Let  us 
luppoae  tihat  steam  at  a  pressure  of  2  atmospheres,  or  30  lbs.  per  square  inch,  is  ad- 
niitted  so  as  to  force  the  piston  through  2  inches  of  its  stroke ;  we  have  2  cubic  inches  of 
■team  at  2  atmospheres,  which  are  equivalent  to  1  cubic  inch  at  4  atmospheres,  and 
would  be  generated  from  the  same  quantity  of  water,  <ivth  cubic  inch,  at  nearly  the 
same  expenditure  of  heating  power.  We  should  in  this  case  find  the  average  pressure 
on  the  piston,  throughout 
the  stroke  of  4  inches,  to 
he. about  24  lbs.,  or  equi- 
valent to  aweightof  96  lbs. 
moved  through  1  inch.  At 
first  sight  it  appears  start- 
ling, that  by  on  expendi- 
ture of  no  more  heating 
power  in  the  first  case,  we 
should  have  obtained  45 
pc  cent,  more  power  than 
in  lie  second;  but  such  is 
th  Tact, nevertheless:  and 
th  .  it  is  so  may  be  clearly 
Be  u  by  the  diagram  (Fig. 
1^  I).  Let  A  B  represent  the  stroke  4  inches  long,  AO  the  pressure,  4  atmospheres 
(ri  presented  by  4  inches  in  height),  continued  through  1  inch  of  the  stroke,  as  shown 
b|  the  line  C  D ;  then  from  D  let  the  pressure-curve  be  drawn  till  it  terminates  a( 
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6,  B  6  being  1  incli  high,  representiiig  the  terminal  presaure  1  atmosphere.  Then  the 
area  of  the  compound  %iiTe  A  C  D  F  G  B  represents  the  total  powder  deyelcped  in  the 
first  case  by  the  ezpendltnie  of  a  quantity  of  steam  tepresented  by  the  area  of  A  H  ]>(/. 
Again,  let  the  pressure  in  the  second  ease  of  2  atmospheres,  rep^sented  by  A  E,  2  inched 
high,  be  continued  through  2  inches  of  the  stroke  to  F ;  a  portion  of  the  same  pressuze- 
cforve  F  G  will  enclose  the  preasures  during  the  rest  of  the  stroke.  In  this  case  the 
^wer  18  represented  by  the  area  of  the  shaded  figure  A  B  G  F  E,  the  quantity  of  steam 
expended  being  as  the  ateaof  AEF]^.  Now  tiie  area  of  A  E  F  B.  or  2^  X  2  =  4,  it 
precisely  the  same  as  that  ofAHDO,  *lX4  =  4j  lirhfle  the  afrea  of  A  B  G  D  C 
exeeeds  that  of  the  ahaded  figure  by  the  portion  E  F  D  C— so  much  clear  gain  of  powe* 
by  the  higher  initial  pressure,  and  greater  range  of  subsequent  expansion.  We  lurve 
here  isupposed  that  no  resistance  is  offared  to  the  ntovement  of  the  piston.  If  it  b« 
eonceired  to  m(Pre  in  opposition  to  the  pressure  of  the  atiftosphere^  the  gain  by  expansion' 
of  the  steam  is  eren  more  marked.  A  line  G  L  represents  the  constant  afmospheriar 
Itsifltance,  and  cuts  off  from  both  figures  an  area  A  B  G  Ij^-  -^hich  lefltTes  the  effective 
ererpltts  of  force  impressed  on  the  piston  so  as  to  mcnre  machinery,  represented  in  the 
one  case  by  the  area  of  L  G  F  E,  and  in  the  other  by  L  G  D  C.  Numerically,  since 
ire  found  ^e  total  force  in  the  two  cases  to  be  equivalent  to  96  Ibe.  an^  140  lbs.  respec- 
tirely  moVed  through  1  inch;  and  as  the  atmospheric  resistance  la  15  lbs.  through 
4  indieSj  or  60  lbs.  throtigh  1  inch  in  both  cases,  the  effective  foroes  are  as  140  —  60,  or 
80,  to  96  —  60j  or  916 ;  that  is  to  say,  the  one  is  more  than  double  the  other. 

This  Mode  of  graphically  representing  foroes  is  not  only  of  an  interesting  it  is  alse 
of  a  most  useftil  character^  Watt  invented  an  instrument  which,  being  applied  to  a 
steam-engine,  could  dralir  upon  a  card  a  figure  such  as  we  have  employed,  representing 
the  power  developed  b^  the  action  of  the  steam  in  the  engine.  He,  howevo:,  seemed 
to  consider  it  only  as  an  interesting'  toy;  bttt  of  late  years  this  instrument  has  been 
found  to  be  of  the  greatest  utility.  It  is  called  the  indicator,  and  is  capable  of  not  only 
representing  with  great  accuracy  the  power  deteloped  in  the  engine  to  which  it  ia 
applied,  but  also  of  exhibiting  defects  in  design  and  construction,  and  of  suggesting 
improvements.  We  shall  have  occasion  hereafter  to  enter  more  particularly  into  the 
details  of  its  construction  and  application. 

The  BoileiTi — In  all  steam-engines,  the  boilet  tit  apparatus  for  generating  the 
steam  is  a  pari  of  prime  importance.  In  devising  a  good  boiler,  the  problem  ia  to 
obtain  the  greatest  qilantity  of  steam^  or  to  boil  off  the  greatest  weight  of  water  with 
the  least Veight  of  fUel  consistentiyldth  due  silnplicity,  durability^  strength,  and  economy 
of  material  and  laboilr  in  its  construction  ^  It«must  be  a  vessel  capable  of  containing 
water,  and  afibrding  space  for  steam  generated  from  it ;  every  part  of  it  being  exposed 
to  the  pressure  of  thel  steatai  within^  it  miist  be  capable  of  resisting  this  bursting  force, 
and  in  its  construction  precautions  tnust  be  taken  for  safety  in  case  of  the  pressure 
tending  to  exceed  thcr  strength  provided  to  resist  it^  A  certain  portion  of  its  surfisuie 
must  be  exposed  to  the  Action  of  the  fire ;  find  as  the  materials  which  we  hlive  to  use  ia 
iU  construction  suffer  when  exposed  to  excessive  lieat,  and  as  We  cannot,  oofisistentiy 
with  economy,  afford  to  apply  any  pottion  of  olu'  fhel  ineffectually,  We  must  make  pro- 
vision for  having  the  interior  of  the  fire-surface  covered  With  Water  to  receite  the  heat 
communicated  through  it.  The  most  simple  kind  of  boilet  is  One  of  cylindrical  form, 
(Fig.  149),  placed  horizontally,  with  a  fire  arranged  under  it  so  that  the  direct  heat  of 
the  fire,  and  of  the  heated  products  of  combustion  in  their  passage  to  the  chimney,  aet 
through  the  metallic  easing  on  the  water  witiun^    The  water  only  partially  fills  the 
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boiler,  learing  a  space  above  it  for  steam,  irhich  ia  conducted  from  the  "boiler  to  the 
engine  by  a  pipe  leading  from  its  upper  side. 

It  is  found  by  experiment,  and  indeed  it  seems  to  be  a  reasonable  conclusion,  that, 
within  proper  limits^  baying  a  certain  quantity  of  fuel  to  dispose  of,  the  larger  the  sur- 


Flg.  149. 

&ee  of  water  over  which  the  heat  developed  from  coifibtistioii  is  spfetA,  the  greater  will 
be  the  heating  effect  produced,  or  the  larger  will  be  the  quantity  of  water  turned  into 
steam.  In  fact,  it  becomes  the  object  of  the  ei^gineef  to  allow  BA  little  as  possible  of  the 
heat  to  escape  by  the  chimney,  and  consequently  to  arrange  his  boiler  in  such  a  manner 
as  to  make  the  water  absorb  the  greatest  possible  quantity  of  heat,  by  exposing  the 
largest  possible  surface  to  the  combustion,-  disposing  that  surface  in  the  best  manner. 

The  strongest  form  in  which  a  vessel  can  be  made  when  it  is  intended  that  it  shall 
tesist  internal  pressure,  is  that  of  a  spherical  shell.  If  then  in  the  construction  of  steam- 
boilers  strength  alone  Were  studied,  the  spherical  form  would  be  generally  adopted. 
But  of  all  forms  of  vessels;  the  spherical  is  that  which  has  the  smallest  surface  in  pro< 
|M)rtion  to  its  capacity,  and  it  is  consequently  ill-adapted  for  the  purpose  of  a  boiler 
where  the  amouiit  of  heating  surface  is  important.  Next  to  the  spherical  in  point  of 
Btreng^  and  sUpetior  to  it  in  respect  of  superficial  area,  is  the  cylindrical  form,  with 
hemispherical  or  rounded  ends  (Fig.  149) ;  and  accordingly  this  form  is  very  generally 
•dieted  for  steam-boilers. 

In  order  to  render  available  as  much  as  possible  of  the  surface  for  receiving  the* 
heat,  the  heated  products  of  combustion  are  not  permitted  to  escape  directly  from  the 
file  into  the  chimney,  but  are  carried  round  the  boiler  by  flues  generally  in  the  maimer 
indicated  in  Fig.  150.  The  boiler  is  placed  on  two  banks  bf  brick-work  A  A,  between 
which  are  fixed  the  fire-bars  B,  so  that  the  flame  may  play  on  the  bottom  of  the  boiler. 
The  products  of  combustion,  heated  to  a  high  temperature,  pass  along  under  the  bottom 
of  the  beiler,  upwards  at  the  far  end  C,  thence  aloiig  the  side  flues  D  D  formed  by  brick- 
work, till  they  finally  proceed  by  any  convenient  flue  or  channel  E  to  the  chimney. 
By  this  arrangement  a  large  portion  of  the  heat  contained  in  the  products  of  combustion 
is  absorbed  during  their  passage  along  the  bottom  and  side  surfaces  of  the  boiler,  an<l 
given  to  the  water  eoutained  in  it;  while  the  brick- work,  being  a  very  imperfect  eQO* 
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ductor  of  heat,  pormits  very  little  to  escape  ineffectively.     The  power  of  «  boiler 
arranged  in  this  manner  depends  upon  the  extent  of  fire-grate,  or  quantity  of  combust 

tible    matter,   consumed    in    a 
given  time,   and  the  superficial 
area  of  boiler   on   which    the 
products  of  combustion  play  in 
their  course  towards  the  chim- 
ney.   That  there  should  be  some 
relation  between  those  quantities 
will  be  evident  from  the  follow-* 
ing  considerations.     If  the  quan- 
tity of  fuel  consumed  be  very 
great  while  the  flue-surface  is 
small,  the  products  of  combui- 
tion  will  not  have  sufficient  op- 
portunity for  parting  with  their 
heat,  and  will,  therefore,  cany 
up  the  chimney  and   waste   a 
large  amountof 
heating    pow- 
er, which,   by 
better  arrange- 
ments,   might 
be  made  to  teU 
upon  the  water. 
If,  on  the  other 
hand,  the  fire- 
grate   be    too 
small,      while 
the  flue-Burfiu^ 
is  large,  the  pKH 
ducts  of  com- 
bustion      will 
have       parted 
with  their  heat 
beforereaching 
the  chimney— 
a  large  portion 
of  theflute-mrt 
face  will  thua 
be      rendered 
uflelessy      and 
the      dran^t 
(caused  by  tha 
ascent  of  heatt 
ed  air  in  the 
Fig.  150.  chimney)    will 

be  sluggish,  and  the  combustion  alow.    We  believe  that  practically  it  will  be  fomi4 
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advantageous  to  adopt  the  following  rules  as  to  size  of  fire-grate  and  quantity  of 
flue-surface  in  a  boiler,  such  as  we  have  described,  called  the  cylindrical  egg-  endad  _ 
boiler. 

To  the  diameter  of  the  boiler  multiplied  by  its  length  add  one-half:  the  result  may 
be  taken  as  the  flue-surface ;  and  this  product  (in  square  feet)  should  be  10  times  thd 
horse-power.     Thus,  in  a  boiler  4  feet  6  inches  diameter,  and  16  feet  long : — 

Since  15  feet  X  4|  feet  =it    .     .     .     ,     .     67^  squal-e  feet. 
Addone'-half      .    .    .    .    ^    .    .    ^    .    33f      ,,      ,j 

The  flue-^suifaoe  may  be  taken  at    .    .    .  lOlJ      ),      „ 

Oit  equivalent  to  10  horse-power.  Again,  for  every  horse-powet  there  should  be  Jths  of 
&  square  foot  of  fire-grate.  For  10  horse-power  there  should  therefore  be  7i  square 
feet  of  fire-grate,  a  surface  that  might  be  made  up  by  taking  the  length  of  the  fire  3  feet 
9  inches,  and  the  width  2  feet,  since  3  feet  9  inches  X  ^  ^^  =^  7}  square  feet. 

The  converse  rule  for  finding  the  dimensions  of  a  boiler  suitable  to  a  given  power 
is  the  following  t^From  10  times  the  horse-power  subtract  its  Jrd  part,  and  the  result 
wiU  be  the  product  of  the  diameter  by  the  length.  Thus,  to  make  a  boiler  of  10  horse- 
power : — 

Since  10  X  10  =t 100 

Subtract  Jrd  == 33} 


The  product  of  diameter  X  length  = 


We  are  at  liberty  to  take  dny  convenient  diameter  and  length  that  nkight  make  up  this 
product  within  proper  limits.    Thus,  making  tke 

ft.  fU  in. 

Diameter  3  and  the  length  must  be  22  3  product  66f  square  feet. 
»        *  »  M  16  8      „        66|  „ 

>»        ^  M  »i  13  4       „        66|  „ 

i9        <J     '       „  „  11  2       „         67  „ 

),        7  „  „  9  6       „        66|  „ 

Any  of  these  dimensions  may  be  chosen  according  to  the  particular  circumstances  o^ 
tke  case,  "^ere  we  to  take  a  diameter  smaller  than  3  feet,  with  a  greater  length  than 
22  feet,  or  a  diameter  greater  than  7  feet,  with  a  length  less  than  9  feet  6  inches,  we 
should  find  practical  difficulties  in  fixing  and  working,  and  lose  useful  effect  from  the 
extreme  lengthening  or  shortening  of  the  flues. 

When  it  is  desired  to  obtain  greoter  heating  surface  within  a  smaller  space,  it  is 
found  very  advantageous  to  construct  the  boiler  of  cylindrical  form,  with  ^  cylindrical 
flue  or  tube  passing  through  the  water ;  so  that  not  only  may  the  exterior  surface  ex- 
posed to  the  flues  receive  heat  from  the  products  of  combustion,  but  also  the  interior 
surface  of  the  tube.  When  this  tube  is  made  of  sufficient  size  to  admit  the  fire  within 
it,  as  in  Fig.  151,  the  boiler  is  called  a  Cornish  boiler,  from  the  circumstance  of  its  being 
first  extensively  applied  with  excellent  effect  in  Cornwall.  The  arrangement  of  flues  for 
a  Cornish  boiler  is  generally  similar  to  that  represented  in  the  figure.  The  boiler 
rests  on  two  banks  of  brick- work  A  A,  with  a  space  for  the  bottom  flue  B  left  between 
them.  The  fire-grate  is  fixed  at  C  in  the  front  portion  of  the  tube ;  and  the  products  of 
combustion  pass  along  the  tube,  spread  at  the  end  E  into  the  two  side  flues  F  F,  descend 
at  G-  G  to  the  bottom  flue  B»  and  pass  thence  to  the  chimney.    The  quantity  of  flue- 
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mrface  in  a  boiler  of  thk  Ipnd  exceeds  that  in  the  simple  cylindrical  boiler  by  nearly 

the  internal  surface  of  the  tube.  But  as  the  hot  pro- 
ducts of  combustion  pass  chiefly  along  the  upper  side 
of  the  tube,  and  leave  its  lower  side  generally  co- 
yered  with  a  coat  of  non»conducting  soot  and  ashes, 
we  cannot  safely  reckon  much  more  than  half  the  sur^ 
face  of  the  tube  as  effectiye  heating  surface ;  that  is, 
1|  time  the  tube's  diameter  multiplied  by  its  length. 

In  order,  then,  to  estimate  the  power  of  a  Cornish 
boiler,  we  should  calculate  the  external  surface  as 
before,   and  Add  to  it  the  product  of  1|  time  the 

diameter  of  the 
tube  by  the  length 
for  the  total  ef-. 
fecliye  surface ;  aX-. 
lowing  10  square 
feet  for  eyeiy 
horse-power. 

Or,  more  sim^ 
ply: — To  the  ex- 
ternal diameter  add 
the  diameter  of  the 
tube  (in  feet),  mul' 
tiply  by  ihe  length, 
add  one-half  to  the 
product,  and  di- 
yide  by  10  for  the 
horse-power  of  the 
boiler. 

JExample.  —  A 
Cornish  boiler,  5 
feet  diameter,  an4 
12  feet  long,  has  a 
flue -tube  3  feet 
diameter:  required 
Hg.  141.  its  power. 


umMTVBaiAL  ncTimr. 


■i'.A/M'^^ ',:; 


Diameter  of  boiler      , 5  feet. 

Add  diameter  of  tube 3    „ 

8    „ 
Multiply  by  length    .,.,,.,..  12    „ 

96  square  feet. 
Add  one-half  of  96= 48 

Biyide  by 10)  144 

^orse•power  of  boiler     • 14|  nearly; 
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The  oonrene  operation  for  finding  the  dimenmonfl  of  the  boiler  when  tbe  power  ifl 
given,  would  be: — From  10  times  the  power  subtract  its  |rd  part;  and  the  remainder 
gires  the  product  of  the  length  by  the  sum  of  the  external  and  internal  diameten. 
EaMmpU.—ThTiBj  for  a  boiler  lH  horae-power^ 

SiAce  10X14*= ,    ...    145 

Subtract  }rd  of  146 48| 

97  nearly. 
Thus,  97  is  the  product  of  the  length  by  the  sum  of  the  external  and  internal  d|ameteit. 
In  this  case,  agjtin,  we  piust  consult  the  droumstances  of  position  for  determining 
^  suitable  length  and  diamieters.  The  diameter  of  the  tube  should  not  greatly  exceed 
half  that  of  the  boiler,  because  there  should  be  an  ample  coyering  of  water  oyer  all  the 
heated  surfiices.  Andagain,  it  should  not  be  less  than  1  or  2  feet,  because  it  mijst  admi^ 
sufficient  area  of  fire-grate  without  excessive  length.  The  fire-grate  in  the  case  given, 
reckoning  fths  of  a  square  foot  per  horse-power,  diould  be  about  11  square  feet ;  and  as 
H  length  of  fire  exceeding  6  or  6  feet  would  become  inconvenient,  we  must  take  it  at 
least  2  feet  in  breadth — ^that  is  to  say,  the  diameter  of  the  tube  must  be  2  feet.  The 
diameter  of  the  boiler  might  then  be  4  feet,  and  the  length  would  be  for  these  diameters 

■  ^  ■  =  16  feet  Were  we  to  take  the  dianudters  as  3  feet  for  the  tube  and  5  feet  for 
?  +  4 

97 
the  boiler,  the  length  would  be  .   ,    -  =  12  feet. 

Wo  believe  it  will  be  found  practioally  advantageous  to  make  the  length  a  tittle 
more  than  three  times  the  diameter  of  the  boiler,  the  4iameter  of  the  tube  being  rather 
more  than  half  that  of  the  boiler.    For  lH  borse-power,  according  to  this  proportion^ 

we  should  hare 

Diameter  of  boiler     ......      4  feet  6  inches 

Diameter  of  tube •    •    •      2  „    6     ,i. 

Xicngth  of  boiler  ,..,...    14  „    0     „ 

In  eases  where  the  dilvensions  of  the  boiler  are  considerable,  two  or  more  tubes  m 
introduced,  as  in  Fig.  152.  The  tubes  are  alwajrs 
placed  «8  low  as  possible,  allowing  4  to  6  inches 
v«tween  them  and  ^  outer  casing,  in  order  to 
tuive  tlieir  upper  and  hottest  surfiices  well  covered 
with  water,  without  interfering  inconyenientiy  with 
the  steam  space  above. 

For  marine  steam-boilers,  where  brick- work  set- 
ting would  be  inconvenient,  it  is  usual  to  arrange 
the  whole  heating-surface  within  the  boiler,  by  means 
of  flues  pervading  it  in  all  directions  (Fig.  163). 
The  water  is  thus  divided  into  sheets  about  6  inches 
thick ;  heated  on  one  or  both  sides  by  the  products  of 
combustion  as  they  pass  along  the  fiues.     In  all  such  ^-  ^*^* 

boilers  a  heating-siirface  of  at  least  10  square  feet  per  horse-power,  and  fire-grate 
from  *  to  f  th  of  a  square  foot  per  horse-power,  should  be  provided.  Nor  should  the  fiues 
be  too  small  in  sectional  area,  nor  too  much  broken  up  or  prolonged,  lest  the  draught  or 
rapidity  of  movement  of  air,  and  consequentiy  of  combustion,  be  interfered  with.  Of 
late  years,  tabular  bojlers  l^ye  been  yery  extei^yely  94opted|  both  for  siarine  and  for 
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lund  engines. 


Theie  were  first  employed  priacipaiij  in  iocomoUye  oigines,  aa  fhej 

afforded  a  means  of 
securing  very  large  flue*  | 
surface  within  a  limited  \ 
space,  and  without  ex- 
cessive weight  of  ma- 
terial. Fig.  164  repre- 
sents  the  arrangement 
of  tuhes  in  a  locomo- 
tiye  boiler. 

The    body   of  the 
boiler  A  is  cylindrical: 
at   one  end   B  is  the 
fire-box,  surrounded  bj 
^'^^^'  water    space;    at   the 

other  end  C  is  the  smoke-box,  surmounted  by  the  chimney*    In  the  body  are  arranged 

numerous  small    tubes  com- 

pletely  surrounded  by  water, 

through  which  the  products 

of  combustion  pass  in  their 

progress  from  the  fire  to  the 

chimney,  delivering  the  greater 

portion  of  their  heat  to  the 

gurrounding     water.        The 

evaporating  power  of  a  boiler 

of  this  kind  is  very  great,  as 

we   may  readily  beUete   on 

calculating    the     amoilnt    of 

heating-Burfflce  in  a  boiler  of 

the  following  dimctialonja  t — 
Fij^-boi  iiiHido^  3  ftitt  6 

inches  X  3  fc^^t  6  inishefl  X  3  ft^t  €  in&hea 

haa  60  sqiiaru  feot  actuully  exposed  to  tha 

firCj  and  therefore  moftt  valufiible  aa  haating- 

Eiirface^     120  tubes  2^  inches  diameter  and 

10  feet  long  givo  BOO  aqtiar%  feet  of  effective 

flue  surface ;  t^  whok^  including  smoke- 

boHf  being  contained  in  a  Epiiee  about  13; 

fcftt  long,  4  feet  6  inches  wide,  and  4  feet  6 

inches  high. 

We  have  now  described,  generally,  the 

diflerent  kinds  of  boilers  ueed  for  genera'^ 

ting  steam*     They  arc,  of  course,  subject  to 

numerous  modification  m  their  details  and 

proportion  B,    according    to    local    circuin- 

stancefi  snd  peeulioritieH  of  use  and  situjation. 

They  are  generally  made  of  wrcught-iron  ^" 

platea,  from  ^th  inch  to  jths  inch  in  thicknes^  according  to  the  magnitude  of  the  W(A 


S^rnffTT^, 

-  v>>;vx  ■  j 

l^iiil 

- 
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and  the  amoimt  of  preasure  which  they  are  intended  to  sustain.  These  plates  ai  e 
made  to  overlap  each  other  at  the  edges,  and  are  fastened  together  by  rirets  or  round 
pins  of  iron  passed  red-hot  through  holes  provided  in  the  plates,  and  riveted 
over  so  as  to  form  a  head.  A  heavy  piece  of  iron  is  held  against  the  under  side  of  the 
rivet-head,  and  the  other  end  of  the  rivet  is  struck  repeatedly  by  heavy  hammers, 
and  frequently  finished  by  applying  a  tool  hollowed  to  the  shape  of  the  intended 
head,  and  striking  the  tool  by  the  hammers.     The  rivet,  when  the  operation  is  com- 


Fig.  155. 

plete,  is  of  the  form  A  (Fig.  155)  when  finished  by  smart  hammering,  called  staff-^ 
riveting ;  and  like  B  when  finished  by  the  tool,  being  then  said  to  be  button-' 
headed.  As  the  operation  of  riveting  is  performed  when  the  rivet  is  red-hot,  not  only 
is  the  quality  of  the  rivet  not  impaired  by  the  hammering,  as  it  would  be  if  hammered 
when  cold,  but  also  the  contraction  or  shrinking  of  the  rivet  in  its  length  when  it  cools 
draws  the  two  plates  together  with  great  force,  and  renders  the  joint  impervious  to 
fluid.  When  it  is  found  by  trial  that  the  joints  of  the  plates,  or  the  edges  of  the  rivet- 
heads,  are  not  quite  tight,  as  manifested  by  the  leakage  of  water  or  steam  through  any 
of  theni)  a  blunt  steel  tool  is  applied  to  the  leaking  edge,  and  struck  smartly  by  a 
hammer,  so  as  to  caulk  the  joints  or  force  part  of  the  iron  into  the  crevice. 

If  we  suppose,  for  instance,  that  an  opening  exists  between  the  plates  at  B,  and 


Kg.  156. 
round  the  rivet-head  at  A  (shown  greatly  exaggerated  in  Fig*  156),  the  caulking  tool 
applied  at  the  points  marked  C  forces  the  iron  of  the  plate  edges  and  of  tiie  rivet-heads 
into  the  interstices,  and  thus  renders  the  jointing  tight.  For  jointing  the  plates  at  the 
angles,  a  peculiar  kind  of  iron,  called  angle-iron^  indicated  in  section  at  A,  Fig.  157,  is 
employed ;  and  where  there  are  considerable  flat  surfaces  of  plate  exposed  to  bursting, 
pressure  stays,  B,  are  introduced  at  proper  intervals  to  prevent  the  plates  from  being 
forced  asunder. 

For  fixing  the  tubes  of  tubular  boilers  in  the  plates  through  which  they  pass,  holes 
are  first  bored  in  the  plates  of  a  proper  size  to  fit  the  tubes  tightly ;  and  the  tubes  being 
cut  of  the  proper  length  and  put  in  their  place,  the  ends  are  forced  open  by  means  of  a 
conical  tool  driven  by  hammering  into  their  mouths.  Other  methods  of  fixing  tubes  and 
stays  are  employed ;  and  there  are  numerous  other  details  of  boiler-making  of  a  technical 
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character,  upon  whiol^  ure  need  not  enter.    The  furnace  or  fire-grate  of  a  boUer  is 
generally  made  of  numerouii  bars  of  wrough  or  cast-iron,  laid  side  by  side  so  as  to  form  m 


Fig.  157. 
grating  on  vhidii  the  ftiel  is  placed,  leaying  spaoss  about  i  inch  wide  between  the 
bars  for  the  passage  of  air  upwards  to  support  the  combustion,  and  of  the  ashes  or 
incombustible  refuse  downwards  into  the  ashpit,  In  front  of  the  b&rs  there  is  gene;? 
rally  placed  a  dead-plate  or  surface  without  openings,  to  receive  the  fresh  fuel,  which, 
lying  there  for  some  time  exposed  to  the  radiation  of  the  fire  beyond,  parts  with  a  por* 
tion  of  its  gases,  and  is  partially  coked  before  it  is  pushed  onwards  to  the  fire-grate. 
The  gases  are  ignited  in  their  passage  over  the  hot  fire,  and  produce  flame,  which 
plays  on  the  surfaces  of  the  flues.  When  the  supply  of  air  is  deflcient,  large  volumes  of 
these  liberated  gases,  having  numerous  particles  of  carbon  suspended  in  them,  pass 
through  the  flues  without  ignition,  and  thence  through  the  chimney  as  black  smoke. 
When  this  happens,  not  only  is  a  large  and  valuable  part  of  the  fiiel  wasted,  but  the  air 
is  inconveniently  polluted.  The  object  of  smokci-consuming  apparatus  is  to  prevent 
this  evU ;  and  the  general  principle  on  which  all  such  apparatus  is  constructed,  is  either 
to  manage  the  production  of  these  gases  in  such  a  continuous  fegular  manner  as  that 
sufficient  air  may  be  supplied  for  their  combustion  when  they  ave  sufficiently  heated  to 
ignite— or  to  supply  heated  air  in  some  part  of  the  flues,  so  as  to  turn  into  flame  there 
the  gases  that  would  otherwise  escape  nnconsumed. 

The  chimney  of  a  steam-boiler  should  be  of  sufficient  area  and  height  to  produce  a 
good  draught  or  quick  current  of  the  heated  products  of  combustion.  When  the 
draught  is  insufficient,  the  fresh  air  supplied  to  the  flre  is  too  small  in  volume,  the  oono^ 
bustion  is  retarded,  and  the  flues  are  filled  with  smoke  instead  of  flame.  A  chimney  of 
SO  or  40  feet  in  height,  and  having  an  area  of  1  square  foot  for  10  horse-power,  geneially 
gives  a  sufficient  draught.  Where  height  cannot  be  obtained,  as  in  locomotive  engines, 
the  waste  steam  is  made  to  rush  up  the  chimney  with  considerable  force,  and  thus  to 
create  an  artificial  draught    The  chinmej  or  f\.HB  le^din^  to  it  is  provided  with  a 
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damper  or  slide,  by  which  the  area  of  passage  may  be  diminiahe4)  and  the  draught 
reduced  at  pleasure.  At  oonvenient  places  in  the  flues,  soot-doors  aro  fixed  for  giTiitg 
access  to  dean  them  from  soot  or  ashes  deposited  there. 

As  all  water  supplied  to  boilers  is  n^ore  or  less  impiire,  or  contains  ingredients  that 
become  deposited  while  tbe  water  itself  is  driten  off  in  the  form  of  vapour,  it  is  essen- 
tial to  provide  for  the  frequent  cleansing  of  boilers,  In  marine  boilers,  particularly 
where  sea-water  is  necessarily  employed,  the  deposit  of  valine  ingredients,  none  of 
whicl^  are  volatile,  or  pass  off  with  the  ste^m,  is  very  large,  and  of  a  very  troublesome 
character.  It  generally  settles  in  the  form  of  a  hard,  stony  crust  upon  the  interior  sur- 
face of  tl^e  boiler ;  and  as  this  crust  is  a  very  bad  conductor  of  heat,  not  only  is  there  a 
waste  of  fuel  where  it  exists,  owing  to  its  arresting  the  passage  of  the  heat  from  the 
flues  to  the  water,  but  there  is  a  positive  danger  from  the  circumstance  that  the  interior 
surfaces  of  the  flues  are  thus  over-heated,  and  the  iron  of  which  they  are  made  becomes 
rapidly  oxydized,  scaling  off  in  ^akes,  losing  thiclpieBS  and  strength,  and  becoming 
liable  to  disruption  from  the  pressure  within  exceeding  the  strength  left  to  sustain  it. 
As  salt-water  doe^  not  deposit  rapidly  until  it  becomes  super-saturated  with  salt,  it  is 
usual  to  permit  frequently  the  escape  of  a  coniiderable  quantity  of  the  excessively  salt 
water  in  the  boiler,  and  to  replace  it  with  new  water  from  the  sea,  les6  salt  and  less 
liable  to  deposit.  For  effecting  this  object,  and  also  for  emptying  the  boiler  when  re- 
quired, a  pipe  and  cock,  called  technically  the  blow-off,  is  fitted  to  the  lower  part  of  the 
boiler.  This  coc)p  should  be  frequently  opened,  especially  where  the  water  is  very 
dirty  or  of  a  saline  character,  and  the  worst  part  of  the  contents  of  the  boiler,  which, 
being  heaviest,  lie  near  the  bottom,  thus  blown  out.  In  order  to  save  the  loss  of  heat 
occasioned  by  frequently  blowing  off  the  hot  impure  water  from  marine  boilers,  and 
replacing  it  by  cold,  but  purer  water,  an  apparatus  called  the  ehange-water  apparatut  is 
aometimes  employed.  It  consists  of  a  casing,  with  nimierous  small  tubes  arranged  in  it 
as  in  a  tubular  boiler.  A  portion  of  the  contents  of  the  boiler  being  always  permitted 
to  flow  through  the  casing  and  thence  into  the  sea,  a  corresponding  quantity  of  purer 
water  is  made  to  pass  through  the  tubes  to  the  boiler ;  and  the  latter  thus  is  made  to 
absorb  in  its  passage  through  the  tubes  a  considerable  portion  of  the  heat  given  out  by 
the  former  in  its  passage  roimd  them. 

Mud-holte  are  small  holes  provided  in  tl^e  lower  parts  of  boilers,  and  ^tted  with  tight 
covers,  which  may  be  removed,  when  the  boiler  \a  not  in  use,  for  the  adnussion  of  a  rake 
to  draw  out  the  mud  deposited  irom  the  water, 

The  man-hole  is  an  opening  sufficiently  large  to  adnut  a  man,  provided  14  the  upper 
part  of  a  boiler,  and  fitted  with  a  tight  cover,  which  may  be  removed,  i^hen  the  boiler  is 
not  in  use,  for  the  admission  of  a  man  for  cleaning  or  repairs, 

In  boilers  having  considerable  flue  surfs^ce,  but  not  great  height  of  steam-room 
above  the  water-level,  there  is  always  a  danger  of  priming — ^that  is  to  say,  the  water  in 
a  rapid  state  of  ebullition  is  often  made  to  boil  over,  or  blown  in  considerable  quantities 
into  the  steamrpipes,  and  thence  into  the  engine,  where  it  is  not  only  useless,  but  highly 
detrimental  to  the  action  of  the  n^lchinery,  It  is  usual,  therefore,  to  provide  a  boiler 
with  a  steam-chest  or  don^e  in  its  highest  part,  to  give  greater  space  for  steam  and 
greater  height  for  the  mouth  of  the  steam-pipe  above  the  surface  of  the  boiling- water. 
In  general,  there  should  not  be  less  than  six  inches  of  water  above  the  flues,  nor  less 
than  three  feet  of  steam  room  above  the  water.  In  marine-boilers,  where  the  water  is 
surged  about  by  the  rolling  of  the  vessel,  there  should  be  at  least  double  the  height  named 
for  yrater  and  steam.    Should  the  level  of  the  water  be  so  low  that  the  surface  of  a  flue 
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is  no  longer  corered  by  it,  the  flue  is  liable  to  become  orer-beated,  eometimes  to  redness ; 
the  iron  is  softened  and  weakened  by  the  ezcessiTe  beat,  and  rapidly  deteriorated  by 
oxydation  and  scaling  ofL  Bat  this  is  not  tibie  only  danger  of  an  over-heated  flue ;  for 
on  the  water  again  coYering  it,  the  enormous  Yolume  of  steam  suddenly  generated  pro- 
duces an  excess  of  pressure,  and  causes  an  e^losion  of  the  boiler.  We  believe  almost 
every  case  of  explosion  can  be  traced  to  some  circumstance  connected  with  a  deficient 
supply  of  water ;  and  therefore  too  much  caution  cannot  be  used  ia  watching  the  con- 
.dition  of  the  water-level,  and  providing  the  proper  supply  or  feed. 

In  order  to  ascertain  the  water-level  within  the  boiler,  several  kinds  of  apparatus  are  em- 
ployed. The^a^  A  (Fig.  1 58)  consists  of  a  stone  suspended  by  a  wire  passing  through  the 
top  of  the  boiler,  and  connected,  by  a  chain  passing  over  a  pulley,  with  a  counter-balance 
weight,  sufficient  to  balanee  so  much  of  the  weight  of  the  float-«tone  that  it  shall  always 


Fig.  Ids. 
lie  at  the  surface  of  the  water.     Should  the  water4evel  vary,  the  position  of  the  floats 
stone,  which  rises  or  faUs  with  it,  is  marked  by  an  index  on  the  pulley. 

Gauge-coek»  B  0  are  two  stop-cocks  fitted  into  the  face  of  a  boiler,  one  above  and  the 
other  below  the  proper  water-level.  When  these  cocks  are  opened,  steam  should  blow 
through  the  upper^  and  water  through  the  lower  one.  The  objection  to  gauge-cocks 
consists  ia  the  circumstance  that^  in  order  by  them  to  ascertain  the^level,  the  attendant 
must  open  them. 

The  gUiM  gauge  consLsts  of  two  stop-cocks,  t)  and  F,  fitted  in  the  face  of  a  boiler, 
one  above  and  the  other  below  the  water-line.  These  cocks  are  connected  by  a  glass 
tube  £,  in  which  the  level  of  the  water  is  distinctly  seen.  A  stop-cock  6  \a  provided 
at  the  lower  end  of  the  glass  tube ;  and  this  being  occasionally  opened,  the  sediment  that 
may  collect  in  the  tube  or  passages  of  the  cocks  is  blown  out  by  the  pressure  within  the 
boiler.  Should  the  glass  tube  burst,  the  stop-cocks  D  and  F  can  be  closed  until  a  new 
tube  is  fitted,  or  they  can  be  employed  as  gauge-cocks. 

Occasionally  the  float  is  connected  with  a  whistle  in  such  a  manner  that  when  the 
level  of  the  water  becomes  too  low,  it  opens  a  small  stop-cock,  which  permits  steam  to 
blow  through  the  whistle,  and  thus  give  audible  warning  of  the  danger. 
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In  many  boilers  an  ingenious  precaution  is  taken  against  the  dangerous  consequences 
of  insufficiency  of  water,  by  the  use  of  fusible  metal  plugs.  A  hole  is  made  in  the 
highest  part  of  the  fire-box  or  flue,  which  is  filled  up  with  a  plug  or  riret  of  metal 
fiisible  at  a  temperature  not  greatly  exceeding  that  of  boiling- water.  So  long  as  this 
plug  is  covered  with  water,  its  temperature  cannot  attain  the  melting  point;  but  should 
it  be  left  bare,  the  heat  of  the  fire  playing  upon  it  causes  it  to  melt  out,  and  thus  to 
leave  a  hole,  through  which  the  steam  escapes  into  the  flue.  Not  only  does  the  rush  of 
the  escaping  steam  give  warning  of  the  circumstance,  but  it  also  relieves  the  steam- 
piessure  within  the  boiler,  and  prevents  the  explosion  which  might  otherwise  result 
from  the  over-heating  of  the  flue. 

In  low-pressure  boilers,  the  float  occasionally  is  made  to  act  as  a  self-feeding  appa- 
ratus. A  (Fig.  159)  is  a  cistern  constantly  supplied  with  water,  and  fitted  at  bottom 
with  a  valve  opening  downwards  into  a  pipe 
passing  down  to  nearly  the  bottom  of  the 
boiler;  the  float  B  is  connected  by  a  wire  and 
lever  with  the  valve,  so  that  when  the  water- 
level  is  too  low  the  descent  of  the  float'  causes 
the  valve  to  open,  and  thus  permits  the  passage 
of  water  from  the  cistern  into  the  boiler.  Thig 
arrangement  can  only  be  adopted  when  the 
pressure  of  the  steam  within  the  boiler  does  not 
exceed  that  of  the  column  of  water  in  the  feed- 
pipe. For  high-pressure  boilers,  the  height  of 
cistern  and  feed-pipe  woidd  be  incqpveniently 
great  to  overcome  the  pressure ;  accordingly,  for 
high-pressure  boilers  and  for  marine  boilers, 
the  supply  of  water  is  effected  by  means  of  a 
force-pump,  called  the  feed-pump,  worked  by 
the  engine,  and  regulated  by  suitable  cocks  or 
valves. 

The  quantity  of  water  required  for  a  boiler 
may  be  generally  taken  at  1  cubic  foot  per  hor8ei> 
power  per  hour;  or,  as  1  cubic  foot  contains 
about  6J  gallons,  and  weighs  about  63  lbs.,  we 
may  take  1  lb.  of  water  per  minute,  or  1  gallon 
every  10  minutes,  as  the  necessary  supply  for 
each  horse-power.  The  actual  quantity  of  water  Kg.  159. 

required  for  generating  steam  to  work  an  engine  of  1  horse-power  depends  much  upon 
the  construction  of  the  engine,  the  extent  to  which  the  steam  is  used  expansively,  Hi* 
amount  of  power  derived  from  condensation,  or  the  amount  of  resistance  to  the  egreai 
of  waste  steam,  if  not  condensed ;  but  the  above  estimate  is  tolerably  correct  for  non- 
condensing  engines  worked  without  much  expansion,  and  is  in  excess  for  condensing 
engines,  and  such  engines  as  those  in  which  the  expansive  force  of  the  steam  if  taken 
advantage  of,  so  as  to  produce  great  effect  with  small  expenditure  of  steam. 

It  has  been  found  by  experiment,  that  1  lb.  of  ordinary  fuel — coal  or  coke— it 
capable  of  turning  from  8  to  10  lbs.  of  water  into  steam,  according  to  the  capabilities  of 
the  boiler.  Taking  the  lower  estimate,  we  should  reckon  that  as  63  lbs.  of  water  are 
required  per  horse-power  per  hour,  about  8  lbs.  of  fuel  per  horse-powor  per  hour  woul4 
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be  consumed.  In  condenang  engines,  working  ezpsnsiTelj  «nd  nnder  the  most  advan* 
tageouB  circumstances,  the  consumption  of  fuel  has  been  reduced  so  loir  as  from  2}  lbs. 
to  3  lbs.  per  borse^power  per  hour.  In  non-condensing  engines,  when  the  steam  if 
used  to  a  considerable  extent  ezpansiyely}  from  dibs,  to  7  lbs.  of  fuel  per  horse-power 
per  hour  is  nearly  the  average  consumption. 

It  may  be  readily  conceiTed,  that  when  water  contained  in  a  yessel  or  boiler  of 
limited  strength  is  subjected  to  heat  in  such  a  manner  as  to  turn  part  of  it  into  steam, 
exerting  unlimited  pressure,  there  would  be  constant  risk  of  explosion,  unless  some 
measures  were  taken  for  limiting  the  force  of  the  steam,  and  preventing  its  pressuro 
from  exceeding  that  which  the  boiler  could  safely  sustain^  Every  boiler  is,  therefore^ 
fitted  with  one  or  more  safety-valves,  which  constitute  the  most  important  of  the  boiler 
fitting^. 

The  principle  df  the  safety-valve  is  exceedingly  simple.  As  fluids,  and  there^ 
fore  steam,  press  equally  in  all  directions,  any  part  of  the  boiler-casing,  such  as  1  aquare 
inch,  is  subjected  to  the  pressure  of  the  steam.  If,  then,  we  make  a  hole  in  the'  upper 
part  of  a  boiler  1  square  inch  in  area,  and  cover  it  with  a  lid,  laying  on  this  lid  a  weight 
such  as  50  lbs.-,  we  can  apply  heat  and  generate  steam,  whieh^  as  soon  as  its  pressure 
exceeds  60  lbs.  per  square  inch,  will  lift  the  loaded  lid,  and  permit  a  portion  to  escape. 
Should  the  generating  power  of  the  boiler  be  moderate,  the  raising  of  the  lid,  and 
escape  of  a  portion  of  steam,  would  prevent  the  pressure  from  ever  exceeding  that  due 
to  the  weight  on  the  lid ;  but  should  the  steam  be  generated  more  rapidly  than  it  can 
escape  through  the  hole,  the  pressure  must  go  on  accumulating,  until  the  strain  to 
which  it  subjects  the  boiler  exceeds  the  strength  of  the  material  of  which  it  is  made, 
and  an  explosive  rupture  is  the  consequence.  It  is,  therefore,  important  to  provide  a 
safety-valve,  with  an  opening  of  sufficient  size  to  permit  the  escape  of  steam  as  rapidly 
as  it  can  ever  be  generated,  and  to  load  it  with  a  weight  not  greater  than  the  pressure 
which  the  boiler  can  safely  bear.  Boilers  are  generally  tested  before  use,  under  a 
pressure  very  much  greater  than  that  with  which  they  are  to  be  used.  For  condensing 
engines,  the  pressure  seldom  exceeds  20  lbs.  per  square  inch ;  for  ordinary  non-eon- 
densing  engines,  50  lbs.  or  60  lbs.  per  square  inch ;  and  for  locomotives,  it  is  as  hi§^  aa 
120  lbs.  and  150  lbs.  per  square  inch  above  that  of  the  atmosphere^  The  Krea  of  the 
safety-valve  should  not  be  less  than  Jth  square  inch  per  horse-power. 

Fig.  160  represents  a  safety-^valve  of  the  ordinary  oonstruction.    A  is  A  box  fixed 

over  a  hole  B  in  the  upper  surface  of  the  boiler,  having  a  truly-£iced  seating  on  which 

the  valve  G  can  rest.    The  stem  of  the  valve  passes  throilgh  the  cover  of  the  box, 

where  there  is  a  gland  or  stilffing-box  to  prevent  the  escape  of  steam  round  the  stem^ 

A  pipe  D  conducts  the  steam  that  passes  the  valve,  when  it  is  lifted,  to  the  chimney  or 

elsewhere.    The  valve  is  kept  down  by  a  lever  E^  which  Works  on  a  pin,  or  fulcrum,  at 

F,  and  has  a  sliding  weight  suspended  from  it  at  any  point  sdch  as  6.    The  arm  of  the 

lever  is  graduated  sO  that  the  weight  can  be  placed  to  give  such  pressure  on  the  valve  as 

may  be  required.    If  we  suppose,  for  example,  that  the  area  of  the  valve-opening  is 

1  square  inch,  that  the  length  from  the  centre  of  the  valve^stem  to  that  of  the  pin  F 

is  2  inches,  and  th&t  a  weight  of  10  lbs.  hangs  at  G,  16  inches  from  F ;  then  the  effect 

of  the  weight  to  press  down  the  stem  of  the  valve  is  as  its  weight  multiplied  by  the 

length  of  lever  at  which  it  acts,  divided  by  the  length  of  lever  at  which  the  valve 

X     -Lt  A  •  X           XV                      XV       1      •    10  lbs.  X  16  inches       ^^ ,,         .    ^- 
acts ;  that  is  to  say,  the  pressure  on  the  valve  is — ; — r =:  80  lb&    As  tiie 

area  of  the  valve  is  1  square  inch^  this  weight  is  capable  of  resisting  a  steam-pzeBBoie  of    I 
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80  llw.  per  iqiiare  ineh  within  the  boiler.  If  the  lerer  be  graduited  bj  diyisioDS  each 
2  inches  in  length,  each  of  then  will  correspond  to  a  pressure  of  lOlhs.  on  tbi  Talyej 
that  is  to  say,  the  wei^t  at — 

16  inches  giyes  a  pressure  of  80  lbs. 

1*  ti  H  $i  70  „ 


12 


00 


and  soon. 


We  haye  not  reckoned  the  eflEect  of  the  weight  at  the  tsIto  and  leyer,  which  should 
generally  be  wei§^i0d,  so  that  the  pressure  due  to  them^  ezdnslTe  of  the  weight,  may  bs 


irliriilJii-,,!,!-:  ■'•• — Ad 


I.  .      IT—' 

Fiff.  i«. 

estimated  before  graduating  the  lerer.  As  a  practical  example,  we  will  sappoee  that  it 
is  required  to  make  a  safety-ralTe  of  4  inches  diameter,  and  load  it  by  a  weight  and 
leyer  graduated  to  steam-pressures  yarying  from  20  lbs.  to  60  lbs.  per  square  inch  aboye 
atmospheric  pressure.  We  will  suppose  that  the  weight  of  the  yalye  and  stem  is  5  lbs., 
that  a  conyenient  leyerage  for  the  yalye  is  8  inches,  and  that  the  whole  leyer  from  F 
to  the  end  is  30  inches,  the  leyer  itself  being  of  nniform  depth  and  thickness,  and 
weighing  9  lbs. 

The  area  of  the  yalye  (a  circle  4  inches  in  diameter)  is  12|  square  xoches;  the  effect 
of  the  weight  of  the  leyer  is  the  same  as  if  it  were  colleoted  at  iti  middle  point  H,  16 
inches  iram  F,  and  its 

PrdsBilre  eta  the  yalte  is  Iherefore ^^^^^ ^    ^    ....  46  lbs. 

To  which  We  add  the  weight  of  Ttiye  and  stem   ..    ..<.••    6  ,, 

Making  a  total  constant  weight  on  the  yalye  = 60   , 

And  as  the  area  of  the  talte  is  12|lbs;,  this  giyes  a  constant  pressdte  of  ^^  =  4lbs.  per 

inare  inch.  For  a  preasurcf  of  60  lbs.  per  square  inch,  or  a  load  df  60  X  12|=6251bs. 
a  the  yalye,  the  ad^tional  load  miist  be  676  lbs.  at  a  leyen^  at  30  inches  against  that 
d  the  yalye  at  3  inches ;  and  therefore  a  weight  of  67|  lbs.  at  the  end  of  the  leyer  giyet 

iie  required  pressure ;  because  — ^ — ^ ==  676  lbs.  on  the  yalye.  The  same  weight, 

a  give  a  pressure  of  40  lbs.  per  square  inch,-  ^ould  act  on  the  yalye  with  a  force  of 
"^l  X  40  —  60  s=460  lbs. ;  and  its  distance  from  F  must  be  about  23*48  inches^  because 
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^  ^ — =  450.    Now  tlie  difference  between  30  inches,  the  leyerag*  ist 

3 

50  lbs.,  and  23*48  inches,  the  leyerage  for  40  lbs.,  is  6'52  inches— a  division  that  dm; 

be  wepeated  along  the  leyer  for  30  and  20  respectiycly, 

We  might  attain  the  same  result  by  another  process,  thus: — Since  the  constaitt 

pressure  due  to  the  weight  and  value  is  4  lbs.  per  square  inch,  the  additional  presswt 

to  be  derived  firom  the  weight  of  67i  lbs ,  to  make  a  total  of  10  lbs.  per  square  inct, 

would  be  6  lbs.  per  square  inch,  or  6  x  l^i  =  75  lbs.  in  all.    The  leverage  of  ttu 

weight  to  produce  this  load  would  be  found  from  the  simple  proportion : — 

Weight.  Load  on  ralve.    Lererage  of  ralve.       Lererage  of  weight 

57|lbs.        :        75        ::        3  inches        :        S'913  inches. 

Repeating  the  same  process  for  50  lbs.  pressure  per  square  inch,  we  should  find  the 
leverage  of  the  weight  to  be  30  inches.  The  difference  of  30  inches  and  3  913  inuhet, 
viz.  26-087  inches,  being  divided  into  40  equal  parts,  each  0-652  inches — ^because  40  i« 
the  difference  between  50  lbs.  and  JO  lbs. — would  mark  the  lever  for  each  lb.  of  prci' 
sure.  Every  lOlbs. 
would  thus  be 
graduated  by  ii?- 
tervals  of  10  X 
•652=6-52  inches 
as  before. 

In  locomotives 
and  boilers  where 
a  weight  sliding 
along  a  lever 
would  be  inconve- 
nient, the  lever  is 
affixed  to  a  springs 
balance  A  (Fig. 
161),  graduated  to 
the  pressures  per 
square  inch  du« 
to  the  spring.  By 
tuTDm^  a  nut  B  on 
the  stem  of  tba 
Apring  "  balance^ 
any  required  pres- 
■untj  con  be  thrown 
up4>n  tiie  valval 
wkitih  i^  kept 
dttwn  by  the 
spring  acting  on 
its  iDver,     Should 

the  pressure  within  the  b^iQc^ir  exceed  tbat  to  which  the  balance  is  adjUBttslf  the  yalrs 
ifl  opened)  and  a  portion  of  the  Eteam  ttscapee.  The  lutk-up  safety- valve  consists  of  t 
valve  pressed  down  by  a  set  of  sLrung  epringa  C,  the  whole  enclosed  within  a  box  uuJer 
Kirk  and  key.  While  the  engine-driver  bos  cotnmand  over  the  spring-balance  TaJve,  lu 
m  to  itiert^use  or  diminish  the  load  at  plcBFure,  th^  lock- up  valve  iys  inacce^ble  to  hh^ 
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and  opens  whenever  he  has  loaded  the  open  valye  beyond  the  pressure  to  which  the 
lock-up  valve  has  been  adjusted ;  thus  serving  as  a  check  upon  him  in  case  of  his  work- 
mg  at  a  dangerous  pressure. 

In  a  boiler  for  an  engine  working  at  very  low  pressures,  there  is  frequently  provided 
a  vacuum  valve,  which  is  a  safety- valve  opening  inwards,  and  admitting  air  into  the 
boUer,  in  case  the  pressure  within  should  fall  so  far  below  that  of  the  atmosphere  with- 
out that  there  might  be  danger  of  collapse. 

The  steam-gauge  is  an  apparatus  generally  fitted  to  boilers  for  indicating  the  pressure 
of  the  steam.  The  safety-valve  may  be  employed  for  this  purpose ;  for  if  the  weight  be 
adjusted  on  the  lever,  or  the  spring  of  the  balance  released  until  the  valve  begins  to 
open  and  let  steam  escape,  we  know  that  the  weight  or  spring  in  that  condition  is  a 
measure  of  the  pressure.  But  as  this  mode  of  measuring  the  pressure  requires  personal 
attendance,  it  is  better  to  be  provided 
with  some  self-acting  instrument  which 
shall  show  at  a  glance  the  condition  of 
the  steam  in  respect  to  pressure;  for 
low-pressure  boilers  the  mercurial  steam- 
gauge  is  generally  employed  (Fig.  162). 
It  consists  of  an  iron  pipe  bent  to  a 
riphon  form,  connected  with  the  boiler, 
and  containing  mercury,  on  which  floats  a 
rod  of  wood  extending  above  the  mouth 
of  the  tube,  and  pointing  to  divisions  on 
a  scale.  As  2  cubic  inches  of  mercury 
weigh  very  nearly  1  lb.,  the  rise  of  the 
wooden  index  through  1  inch  in  height 
indicates  that  the  mercury  in  one  limb 
of  the  siphon  has  risen  1  inch  and  fallen 
1  inch  in  the  other,  making  a  difference 
of  level  of  2  inches,  equivalent  to  a  pres- 
sure of  1  lb.  per  square  inch  in  the  boiler. 
Thus  every  inch  on  the  scale  corresponds  to  1  lb.  pressure  per  square  inch.  For 
high-pressure  boilers,  the  column  of  mercury  necessary  would  be  inconveniently  high, 
and  recourse  is  therefore  had  to  gauges  of  other  kinds.  Among  the  most  effective  and 
ingenious  of  these  may  be  mentioned  that  of  Bourdon.  It  consists  of  a  flattened 
elastic  tube  of  copper  or  brass,  bent  into  a  spiral  form.  The  pressure  within  the  tube 
tends  to  bulge  it,  and  imcoil  it  a  little  out  of  the  spiral  form ;  and  the  slight  movement 
thus  induced  is  communicated  to  an  index,  which  points  on  a  dial-plate  to  the  pressure 
marked  thereon  from  the  result  of  experiments  made  for  the  purpose  of  determining  the 
proper  graduation  of  the  dial. 

The  steam  generated  in  the  boiler  at  such  pressure,  and  in  such  quantity  as  may  be 
desired,  is  conveyed  by  the  steam-pipe  to  the  cylinder,  which  is  a  vessel  closed  at  both 
ends,  and  fitted  with  a  piston  E  (Fig.  163),  capable  of  sliding  tightly  from  end  to  end, 
and  having  a  rod  F  passing  tightly  through  one  of  the  end  covers,  or  the  cylinder  lid. 
If  we  suppose  A  and  B  two  pii>e8  commimicating  with  the  boiler,  and  opening  into  the 
cylinder  at  opposite  ends,  while  two  other  pipes  C  and  D  lead  froqi  the  ends  of  the 
cylinder  to  the  open  air,  or  to  any  suitable  place ;  conceiving  these  pipes  to  be  provided 
with  stopcocks,  we  can  see  that  1^  opening  A  and  D,  while  B  and  0  are  dosed,  we  admit 


Fig.  162. 
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steam  to  press  upon  the  upper  surface  of  the  piston  E,  and  force  it  to  the  bottom  of  the 

cylinder,  while  the  contents  of  the  part  below  the 
piston  escape  by  D.  On  the  piston  reaching  the 
bottom,  if  we  open  B  and  C  while  A  and  D  are 
closed,  the  pressure  acting  on  the  lower  side  of 
the  piston  forces  it  upwards,  while  the  steam 
above  escapes.  Thus,  by  alternately  oi>ening 
and  closing  the  four  stopcocks  in  proper  order, 
an  alternating  motion  is  given  to  the  piston, 
and  the  force  is  communicated  by  the  rod  to 
any  suitable  machinery  without  the  cylinder. 
The  amount  of  force  so  commimicated  depends 
on  the  size  of  the  piston,  oi*  number  of  square 
inches  in  its  surface  on  which  the  steam-pres- 
sure acts,  the  intensity  of  that  pressure,  and 
the  velocity  at  which  the  piston  is  caused  to 
travel.  If  we  suppose,  for  instance,  that 
Fig.  lea.  tjjg  diameter  of  the  cylinder  is    1    foot,   the 

circular  area  of  which  is  113  square  inches,  that  the  pressure  of  the  steam  is  20  lbs.  per 
square  inch,  and  that  the  average  speed  of  the  piston  is  at  the  rate  of  200  feet  per 
minute,  the  power  communicated  through  the  rod  is  equivalent  to 

113sq.ins.x20  1bs.X  200  ft.  ^  ^g.^  j,^^  . 

33000 

Some  of  the  first  steam-engines  had  cocks  arranged  as  we  have  described,  which 
demanded  the  continual  attendance  of  some  one  to  close  or  open  them  at  the  proper  times. 
But  it  suggested  itself  that  apparatus  connected  to  the  moving  parts  of  the  engine  might 
be  so  adjusted  as  to  perform  this  operation ;  and  accordingly  great  ingenuity  has  been 
exhibited  in  contrivances  for  alternating  the  flow  of  steam  to  and  from  the  opposite 
ends  of  the  cylinder.  Instead  of  stopcocks  in  the  pipes,  which  are  subject  to  consider- 
able and  unequal  wear  from  constant  working,  and  thereby  become  leaky,  valves  are 
often  employed,  similar  to  the  safety-valve,  and  worked  upwards  and  downwards  by  means 
of  levers  acting  on  their  stems,  which  project  beyond  the  steam-tight  casing  in  which 
they  are  enclosed.  Were  these  valves  made  in  such  a  way  that  the  steam  pressed  on. 
their  lower  surfaces,  and  tended  to  raise  them  from  their  seats,  it  would  be  difficult  to 
keep  them  tightly  down  without  very  considerable  force.  If,  on  the  other  hand,  the 
pressure  of  the  steam  acted  on  their  upper  surfaces  so  as  to  keep  them  tightly  down, 
considerable  force  woidd  be  required  to  lift  them  so  as  to  permit  the  steam  to  pass  at 
the  proper  times.  Moreover,  as  in  large  engines  these  valves  must  be  of  considerable 
size  to  let  sufficient  steam  pass  through  the  openings  they  cover,  and  as  for  effective 
working  they  must  be  raised  and  lowered  very  rapidly,  it  becomes  important  to  reduce 
as  low  as  possible  the  pressure  upon  them,  and  thus  diminish  the  force  necessary  for 
their  movement. 

The  double-beat  valve  is  a  contrivance  for  covering  a  large  area  of  steam-passage 
with  a  valve  subjected  to  moderate  pressure.  The  steam  entering  at  A  (Fig.  164),  filU 
the  valve-box,  in  which  an  annular  or  ring-shaped  valve  B  is  capable  of  being  pressed 
upwards  or  downwards  by  a  rod  0  passing  through  the  cover  of  the  valve-box.  When  the 
valve  is  down,  its  upper  and  lower  conical  surfaces  rest  on.  corresponding  seats,  to  which 
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they  are  nicely  ground ;  while  the  valve  being  raised,  the  steam  flows  between  these  sur- 
faces into  the  pipe  D.  The  force  necessary  to  raise  such  a  valve,  is  that  of  the  steam-pres- 
sure on  the  ex- 
cess of  the  area  of 
the  lower  seating 
above  that  of 
the  upper,  and 
may  be  made 
much  less  than 
that  on  an  ordi- 
nary valve  of 
equivalent  size. 
We  shall  sup- 
pose, for  exam- 
ple, that  a  valve 
of  10  inches  dia- 
meter is  subject- 
ed to  a  pressure 
of  20  lbs.  on 
the  square  inch. 
The  force  to  lift 
it  would  be  lig.  1^7 

(circ.  area  of  10  ins.  diam.  =)  78^  sq.  ins.  X  20  =  1570  lbs. ; 
and  the  height  through  which  it  must  be  lifted  to  give  the  full  passage  for  steam  round 
it,  is  2A  inches;  for  2 J  X  (circumf.  of  10  ins.  diam.  =)  31i  =  78i  sq.  ins.,  the  area  of 
a  circle  10  ins.  in  diameter.  But  were  we  to  use  a  double-beat  valve,  having  its  lower 
seating  10 J  ins.  in  diameter,  and  its  upper  9  ins.  in  diameter,  the  area  of  the  one  being 
86|sq.  ins.  and  that  of  the  other  63|,  the  pressure  on  the  difference,  23  sq.  ins.,  is  23  X 
20  =  460  lbs.,  little  more  t^ian  one-fourth  of  that  on  the  single  -seated  valve.  Again,  the 
height  through  which  the  double -beat  valve  must  be  raised  is  only  half  that  required 
for  the  single  valve ;  because  when  it  is  raised,  passage  is  provided  for  the  steam  both 
above  and  below.  Thus,  to  work  the  double-beat  valve,  only  *th  or  ^th  part  of  the  force 
requisite  fcr  the  single-seated  valve  is  required.  Wherever  valves  are  used,  especially 
in  large  engines,  or  under  great  pressures,  for  alternating  the  flow  of  steam,  recourse  is 
had  to  the  double-beat  "vdve,  or  some  expedient  of  a  similar  character,  by  which  con- 
siderable size  of  passage  may  be  secured  without  having  to  lift  a  great  weight,  or 
move  it  through  a  great  distance. 

The  frequent  raising  and  lowering  of  any  set  of  valves,  however  well  balanced, 
would,  however,  in  quickly-moving  engines,  be  accompanied  with  noise,  and  would 
prove  very  inconvenient,  on  account  of  the  complication  of  machinery  required  for  the 
purpose,  and  the  greater  amount  of  wear  and  tear  resulting  from  its  use.  To  avoid 
these  evils,  the  slide  has  been  contrived ;  and  it  is  almost  universally  employed  for 
alternating  the  flow  of  steam  to  or  from  the  ends  of  the  cylinder,  except  in  engines 
moving  very  slowly.  There  are  various  kinds  of  slides  in  use,  but  they  are  nearly  all 
contrived  on  similar  principles,  with  such  differences  in  the  details  of  construction  as  the 
peculiar  views  of  makers,  or  the  circumstances  of  their  position,  suggest.  The  most 
simple  kind  is  called  the  D-slide,  from  the  circumstance  of  its  form  resembling  that  of 
the  letter  D. 
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JTiga.  165  and  166  represent  two  langitudinal  sections  of  a  cylinder  fitted  vrith  a 

D-slide.  The  steam  enters  by  a  pipe  B 
from  the  boiler  into  a  cavity  called  the 
slide-jacket,  on  the  opposite  side  of  which 
are  three  openings,  the  upper  and  lower, 
called  the  ports,  communicating  by  tubes 
or  passages  with  the  upper  and  lower 
ends  of  the  cylinder  respectively;  and 
the  middle  one  communicating  by  a  ca- 
vity E  with  an  opening  at  the  side,  by 
which  steam  can  escape.  These  three 
openings  are  partially  covered  by  a  hol- 
lowed plate  of  metal,  the  D-slidey  which, 
as  its  name  implies,  can  be  made  to  slide 
up  or  down  by  means  of  a  rod  C  passing 
tightly  through  the  jacket.  The  hol- 
lowed part  of  the  D-slide  is  made  to  em- 
brace the  middle  passage  and  either  of  the 
ports,  so  as  to  let  steam  escape  from  the 
cylinder,  while  it  leaves  the  other  port 
open  for  the  ingress  of  steam  to  the  cylin- 
der; and  as  for  every  ascent  and  de- 
scent of  the  piston  in  the  cylinder,  a  cor- 
responding ascent  and  descent  of  the 


Figr.  165. 


slide  is  effected  by  means  of  apparatus  connected  with  the  moving  parts  of  the  engine, 
the  complete  successive  alternation 
of  the  steam  is  maintained  without 
the  expenditure  of  more  power  than 
is  necessary  to  overcome  the  friction 
of  the  slide  over  the  factnfs  in  which 
the  ports  are  situated.  The  f&ce  of 
the  sUde,  and  the  surface  on  which 
it  rubs,  are  made  very  true  and 
smooth  in  the  first  place ;  and  when 
they  are  not  subjected  to  undue  wear 
by  the  ingress  of  dirt  or  grit,  their 
contact  remains  steam-tight  for  a 
long  period.  The  slide  we  have 
described  is  called  the  short  D-slido^ 
and  is  generally  used  in  locomotives 
and  engines  which  have  not  long 
cylinders..  But  when  thfi  cjMnder  i» 
of  considerable  length,,  the  passages 
from  the  ports  to  the  ends  of  the  cy- 
linder are  also  long;:  and  having  to  be 
filled  with  steam  at  every  stroke  or 

alternation  of  the  piston,  which  is  in-  Fig.  168. 

effective  in  producing  power,,  considerable  loss  is  occasioned  from  this  waste  of  steam  in 
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merely  filling  the  passages.  To  obviate  tliis  defect,  the  slide  is  sometimes  lengthened,' 
BO  that  the  passages  from  the  poits  to  the  cylinder  are  proportionally  shortened.  It 
is  found  conve- 
nient for  the 
construction  to 
make  this  kind 
of  slide  of  a 
hollow  cylin- 
diical  form,  fit- 
ting into  a  cy- 
lindrical jacket 
at  each  end,  and 
being  smaller 
in  diameter  at 
the  middle. 
The  steam  en- 
tering at  B 
(Fig.  167)  fills 
the  cavity  sur- 
rounding the 
slide,  and  gets 
access  to  the 
upper  or  lower 
portas  the  slide 
is  moved  up- 
wards or  down- 
wards,     while 


Fig. 167. 


the  steam  passes  from  either  of  these  ports  into  the  cavities  at  the  "upper  or  lower  ends 
which  communicate  through  the  tubular  body  of  the  slide,  and  from  one  of  which  the 
waste-pipe  C  conveys  the  steam  which  has  done  its  work. 

We  might  mention  many  other  varieties  of  slides ;  but  all  being  constructed  on 
similar  principles  to  those  we  have  described,  we  need  not  discuss  them  in  detail.  "We 
will  now  proceed  to  describe  the  practical  construction  of  a  cylinder,  piston,  and  slide, 
such  as  would  be  suitable  for  a  non-condensing  engine. 

Referring  to  Figs.  165  and  166,  which  give  a  general  view  of  the  cylinder  and  slide, 
we  have  to  inquire  into  the  proportions  of  the  parts  and  the  details  of  their  construction 
in  such  a  manner  as  to  be  economical,  durable,  and  efficient. 

The  cylinder  is  made  of  cast-iron,  bored  in  a  suitable  lathe  so  that  the  interior  is  as 
nearly  as  possible  perfectly  cylindrical.  The  covers  are  also  of  cast-iron,  having  a  pro- 
jecting part  turned  to  fit  into  the  ends  of  the  cylinder,  to  which  they  are  secured  by 
bolts  and  nuts.  The  mouths  of  the  cylinder  are  generally  bored  somewhat  larger  than 
the  rest,  so  that  if  after  some  years'  wear  it  become  necessary  to  bore  out  the  cylinder 
afresh,  thereby  making  its  diameter  a  little  larger,  the  same  covers  may  still  fit  it.  The 
flanges  or  projecting  rims  of  the  cylinder  and  the  faces  of  the  covers  which  lie  against 
them  are  turned  very  true ;  and  if  well  smoothed  require  only  a  little  thin  flour-paste  to 
be  spread  over  them  to  render  the  joints  impervious  to  steam  when  the  bolts  are  screwed 
tightly  up.  The  length  of  the  cylinder  is  determined  by  the  length  of  stroke  or  move- 
ment of  the  piston :   it  should  be  such  as  to  allow  fron  Jth  to  |  an  inch  clearance 
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beiwBen  the  piston  and  the  cover  at  each  end  of  the  stroke.  Theoretically,  the  less 
clearance  the  better,  because  any  space  left  between  the  piston  and  cover  at  the  end  of 
the  stroke  has  to  be  filled  at  every  stroke  with  steam  uselessly.     But,  practically,  it 

may  be  difficult  to  de- 
termine the  length  of 
stroke  with  perfect  ac- 
curacy ;  the  wear  of  the 
machinery  may  alter 
it  a  little,  and  water 
or  dirt  may  get  into 
the  cylinder,  so  that  it 
is  necessary  to  allow 
a  little  space,  such  as 
we  have  named,  for 
clearance.  When  the 
steam  first  enters  a 
cold  cylinder  it  be- 
comes condensed  into 
7'f;"-''  water ;  and  not  iinfre- 

- 1    ;  I  quently    during     the 

^   ['1  working    of   the   en- 

.    '    P  gine,  the  boiler  primes 

1 1 IJ I J 1 1 1  IIP  iii'niii||[B]|iii[iJHffef!|iife  or  boils  over,  sending 

Fig.  168.  water  along  with  the 

steam  into  the  cylinder.  But  as  water  is  practically  incompressible,  its  presence 
between  the  piston  and  the  cylinder-covers  at  each  end  of  the  stroke  would  be  quite  as 
detrimental  as  the  presence  of  a  mass  of  iron  or  any  hard  material,  unless  an  exit  were 
provided  for  it ;  for  the  sudden  approach  of  the  piston  would  be  arrested  by  the  water, 
and  either  the  cover  would  bo  forced  off  or  the  parts  connecting  the  piston  to  the  rest  of 
the  machinery  would  give  way.  Accordingly,  cylinders  are  often  fitted  with  relief- 
valves — small  safety-valves  loaded  by  weights  or  springs,  and  communicating  with  each 
end  of  the  cylinder,  so  that  whenever,  by  the  presence  of  water,  the  pressure  becomes 
increased  to  a  dangerous  extent,  the  valve  is  opened,  and  permits  the  water  to  escape. 
In  the  absence  of  relief- valves,  pet-cocks  or  smaU  stopcocks  are  fitted  for  the  same  pur- 
pose. On  first  admitting  steam  to  the  cylinder,  these  are  left  open  to  permit  the  escape 
of  the  water  arising  from  condensation ;  and  during  the  working  of  the  engine  they  may 
generally  be  left  a  little  open,  especially  when  the  presence  of  water  is  manifested  by  a 
sharp  blow,  heard  when  thfr  piston  strikes  upon  it.  The  thickness  of  the  cylinder 
depends  on  its  diameter,  and  the  pressure  to  which  it  is  subjected ;  and  the  strength  of 
the  flanges,  covers,  and  bolts  and  nuts  must  be  determined  on  the  same  ground.  For 
such  details  it  is  difficult  to  give  precise  rules,  as  experience  and  study  of  well-pro- 
portioned works  can  alone  give  the  power  of  determining  them. 

The  piston  is  constructed  in  various  way^,  one  of  which,  being  simple  and  effective, 
we  will  describe : — The  body  of  the  piston  consists  of  a  disc  and  boss  A,  the  outer  edge 
of  the  disc  fitting  the  cylinder,  and  the  boss  having  a  central  conical  hole,  in  which  the 
piston-rod  B  is  secured  by  means  of  a  key,  or  thin  bar  of  iron  slightly  tapered  in  width, 
driven  through  a  slot  in  the  boss  and  rod^  so  as  to  tighten  the  conical  end  of  the  rod  in 
the  ccMTespondlng  conical  hole.    Te  the  bedy  oi  the  piston  is  secured  by  screws  a  cover 
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C  fittnig  the  cylinder,  and  leaving  between  it  and  the  edge  of  tbe  disc  below  a  groove 
which  c<jntHin8  the  packing- ring  D.  Thia  ring  is  made  to  fit  the  cylinder,  and  is  cut 
obUqticly  aujroes  at  some  point  of  its  cir- 
tjtumfur^tioe  £,  a  parallelogram-shaped 
hoJo  boing  cut  out  of  the  middle,  and 
fillod  with  H  piece  of  metal  truly  fitted 
to  it.  By  thus  cutting  the  ring  across 
at  £,  it  in  permitted  to  expand  in  dia- 
meter; and  the  slits  made  at  £  are 
coveTiid  by  ft  plate  F  inside  the  ring,  so 
that  no  fitciun  can  pass  by  them  from 
one  flido  of  the  piston  to  the  other. 
Stfveral  bt^nt  pieces  of  steel-plate  G  are 
placed  bt^twten  the  ring  and  the  boss  of 
the  pi^UFn^  !(*j  as  to  push  the  circumference 
of  the  ring  outwards. 

As  the  ijiside  of  the  cylinder  and  the 
^dgefl  of  tlib  piston  and  its  cover  become 
worn  by  constant  rubbing,  the  packing- 
ring  is  mEide  to  expand,  and  still  to 
TTork  tigljtly  in  the  cylinder,  without 
permitting  the  flow  of  steam  past  the 
piston.  Sfjmctimes,  for  small  pistons, 
the  packing -ring  is  merely  made  thicker 
St  the  side  opposite  its  slit;  and  being 
at  first  Bli*btly  larger  than  the  cylinder, 


Fig.  169. 


ao  that  it  must  be  compressed  when  pushed  into  it,  its  own  elasticity  makes  it  expand 

to  fit  the  cylinder  even  after  consider- 
able wear,  without  the  necessity  for  steel 
springs  within  it  (Fig.  170). 

The  piston-rod,  in  passing  through 
the  cylinder  cover,  is  siurrounded  by  a 
cavity  called  a  stuffing-box,  and  filled 
with  soft  twisted  hemp  and  tallow,  called 
packing^  which  is  compressed  in  the 
cavity  by  means  of  a  gland^  forced  down 
upon  it  by  tightening  screws.  By  the 
use  of  this  packing,  while  the  rod  travels 
upwards  and  downwards,  steam  cannot 
pass  round  it;  for  even  if  the  rod  be 
worn  somewhat  irregularly,  the  elasticity 
of  the  packing  serves  to  prevent  the 
leakage  of  steam. 

The  slide- rod,  and,  indeed,  all  rods 
about  an  engine  for  moving  valves  or 


Fig.  170. 


parts  within  cavities  containing  steam  or  water,  have  to  pass  through  packing  of  this 
kind. 

For  opening  or  closing  the  communication  between  the  boiler  and  the  cylinder,  so 
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as  to  admit  steam  from  the  one  to  the  other,  to  diminish  the  quantity  or  entirely  airest 
it,  a  stopcock  is  generally  employed  for  small  engines,  and  for  larger  ones  a  shut -off 

valve.  The  stopcock,  being 
sufficiently  well-known, 
we  need  not  describe.  The 
thut'Off  or  stop-valve  is 
generally  made  as  indi- 
cated in  Fig.  171.  The 
steam-pipe  A  communi- 
cates with  the  valve-box, 
having  a  pipe  B  proceed- 
ing from  it.  The  mouth 
of  this  pipe  is  fitted  with  a 
conical  edging  or  seating, 
to  which  a  conical-edged 
valve  C  is  nicely  fitted. 
Through  a  stuffing-box  D 
in  the  cover  of  the  valve- 
box  passes  a  screwed  rod, 
connected  by  a  free  joint 
to  the  valve  C ;  when  the 
rod  is  turned  round  by  a 


Fig.  171. 


handle  E,  so  as  to  screw  it  inwards  through  the  gland  D,  the  valve  is  pressed  firmly 
down  on  its  seating,  and  thus  all  communication  from  A  to  B  is  cut  off.  By  un- 
screwing the  rod,  the  valve  is  raised  from  its  seating  as  much  as  may  be  required  for 
the  passage  of  steam. 

The  throttle-valve  is  for  the  purpose  of  choking  or  throttling  the  passage  of  steam 
in  a  pipe,  so  as  to  regulate  the  quantity  passing  through  it  in  a  certain  time,  without 
perfectly  arresting  it.  It  con- 
sists of  a  disc  A  (Fig.  172) 
mounted  on  a  rod  passing 
across  the  pipe  through  a 
stiiffing-box  at  one  side.  On 
turning  the  disc  edgeways 
towards  the  current,  the  steam 
is  allowed  to  pass  ;  but  when 
it  is  turned  across  the  pipe, 
none  can  pass  except  such 
a  small  quantity  as  can  leak 
round  the  edges  of  the  disc. 
This  valve  is  almost  univer- 
sally applied  to  engines  which  are  fitted  with  a  governor ;  and  by  its  means  the  speed 
of  the  engine  is  regulated  with  great  nicety,  as  more  or  less  steam  is  permitted  to  pass 
the  valve. 

The  feed-pump  of  an  engine  is  for  the  purpose  of  supplying  the  boiler  with  water  to 
take  the  place  of  that  which  is  boiled  off,  and  passes  away  in  the  form  of  steam  after 
working  the  engine.  It  consists  of  a  barrel  0  (Fig.  173)  through  a  stuffing-box,  in 
the  upper  part  of  which  a  plunger  G  is  worked  alternately  upwards  and  downwards. 
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At  the  lower  end  of  the  barrel  is  a  valve-box,  containing  a  suction-valve  B,  covering  a 
pipe  A  b  J  which  the  water  is  drawn  from  a  convenient  reservoir,  and  a  discharge- valve 
D,  past  which  the  water  has  to  flow  in 
its  progress  to  the  boiler  by  the  feed- 
pipe E.  When  the  plunger  is  raised, 
the  valve  D  being  kept  down  in  its  seat 
by  the  pressure  of  water  in  the  boiler 
(equivalent  to  that  of  the  steam)  com- 
municated through  the  feed-pipe  E,  the 
vacuum  left  by  the  rise  of  the  plunger 
is  filled  by  water  entering  from  A  and 
raising  the  valve  B  for  its  passage.  On 
the  descent  of  the  plunger,  the  water 
being  forced  out  of  the  barrel,  presses 
down  the  valve  B,  but  raises  the  valve  D, 
and  flows  onwards  to  the  boiler.  At 
some  convenient  part  of  the  feed-pipe  E 
there  is  always  fltted  a  stopcock,  or 
shut-off  valve,  for  completely  cutting  off 
communication  between  the  pump  and 
the  boiler  in  case  of  the  halves  being  de- 
ranged. But  water  being  almost  totally 
incompressible,  it  would  be  extremely 
hazardous  to  close  this  conmiunication 
while  the  pump  is  in  action ;  for  in  that 
case  the  barrel  must  be  burst  open,  or 
some  part  of  the  machinery  that  works 
the  pump  must  be  broken.  It  is,  there- 
fore, usual  to  provide  also  a,  relief- valve,  constructed  exactly  like  a  safety-valve  on  the 
feed-pipe,  to  permit  the  efflux  of  the  water  when  its  ordinary  passage  is  closed.  The 
cover  F  of  the  feed-valve  box  should  be  capable  of  being  readily  removed  to  give  access 
to  the  valves ;  and  it  is  often  made  of  considerable  size,  hollowed  out  to  contain  air, 
which  is  compressed  by  the  influx  of  water  during  the  descent  of  the  plunger,  and  reacts 
to  force  the  water  onwards  to  the  boiler  while  the  plunger  ascends.  In  all  cases,  in- 
deed, where  water  under  considerable  pressure  is  exposed  to  the  recurring  action  of  a 
propelling  force,  as  in  the  feed-pump,  an  air-vessel  should  be  provided  to  act  as  a 
spring  relieving  the  blow  on  the  water,  and  regulating  its  motion  to  a  gradual  flow 
instead  of  a  sudden  movement. 

HavingiUow  described  the  cylinder  in  which,  and  the  piston  on  which,  the  steam  acts 
to  put  the  machinery  in  motion — ^the  slide  by  which  the  alternation  of  the  course  of  the 
steam  is  effected — ^the  throttU-valve  by  which  its  quantity  is  regulated — and  ihefeed-pwnp 
by  which  the  necessary  supply  of  water  is  maintained  in  the  boiler :  we  have  to  inquire 
how  the  reciprocating  motion  of  the  piston  is  converted  into  the  rotary  movement 
required  for  driving  machinery,  and  how  this  rotary  movement  produces  the  recipro- 
cating motion  of  the  slide  and  feed-pump,  and  governs  the  action  of  the  throttle-valve. 

To  the  end  A  (Fig.  174)  of  the  piston-rod  there  is  jointed  the  connecting-rod  A  B,  hav- 
ing an  eye  at  B  working  on  the  erank-pin,  or  pin  flxed  to  the  erank — an  arm  B  0  pro- 
jecting from  the  main  shaft  or  spindle  G.    The  crank-pin  can  move  roimd  in  a  cirde, 
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the  diameter  of  which  is  exactly  equal  to  the  length  of  stroke,  or  distance  through  which 
the  piston  travels  in  the  cylinder.  As  the  piston  descends  from  F  to  G,  making  the 
down-stroke,  the  crank  is  caused  to  revolve  from  E  round 
to  D,  one  half-revolution.  Again,  while  the  piston  ascends 
from  G  to  F,  making  the  upstroke,  the  crank  revolves  from 
D  round  to  E,  another  half-revolution.  Each  revolution, 
then,  of  the  crank  requires  a  douhle  stroke  of  the  piston ; 
and  to  effect  it,  the  upper  and  lower  portions  of  the  cylinder 
have  each  to  he  filled  and  emptied  of  steam ;  or  as  their 
capacities  are  equal,  the  cylinder  has  for  each  revolution  to 
he  twice  filled  and  emptied.  It  is  ohvious  that  at  every 
different  point  of  its  revolution  the  crank  is  acted  on  hy  a 
different  force,  owing  to  the  varying  obliquity  of  the  con- 
necting-rod. At  the  two  extreme  points,  D  and  E,  where 
the  crank  is  in  a  line  with  the  connecting-rod,  the  effect  of 
the  piston  to  cause  it  to  revolve  is  reduced  to  nothing ;  for 
it  merely  pushes  or  pulls  it  against  the  central  shaft.  These 
points  are  technically  called  the  dead  centres,  because  there 
the  force  of  the  piston  is  dead  or  ineffective.  But  to  make 
up  for  the  total  want  of  action  at  those  points,  we  find  that 
at  some  other  points  the  effect  of  Uie  force  passing  through 
the  connecting-rod  to  turn  the  crank  is  greater  than  the 
pressure  on  the  piston,  in  consequence  of  the  obliquity  of 
its  action. 

Again,  the  piston,  during  a  revolution  or  double  stroke, 
passes  through  a  distance  equivalent  to  twice  the  diameter 
of  the  crank-circle ;  while  the  crank-pin  passes  over  the 
circumference  of  that  circle,  more  than  3  times  its  dia- 
meter. The  influence  of  the  pressure  on  the  piston  to  turn 
the  crank  may  be  best  conceived  by  a  graphical  delineation 
of  the  force  in  the  following  manner: — If  we  divide  the 
circle  described  by  the  crank-pin  into  any  number  of  equal 
parts  (Fig.  175),  and  draw  a  straight  line  A  B  equal  to 
the  half-circumference  divided  into  corresponding  parts, 
A  B  represents  the  distance  through  which  the  crank-pin 
moves  during  half  a  revolution,  developed  into  a  straight 
line.  If  at  any  point,  such  as  2,  we  draw  a  line  2  C  representing  the  crank,  and  a  Une 
2  P  representing  the  connecting-rod,  and  draw  Q  2  touching  the  circle  at  2,  and  therefore 
representing  the  direction  in  which  the  crank-pin  is  moving  at  the  point  ^  while  P  C 
represents  the  direction  of  the  piston,  we  may  take  any  length  P  D  representing  the 
force  of  the  piston  (as,  for  instance,  if  the  pressure  on  the  piston  were  6  tons,  we  might 
take  P  D  =  5  inches),  draw  D  E  perpendicular  to  P  D,  P  F  parallel  to  Q  2,  and  E  F 
perpendicular  to  P  F.  Then,  on  the  principle  of  resolved  forces,  the  length  of  P  E 
represents  the  force  transmitted  through  the  connecting-rod,  and  P  F  the  force  tending 
to  turn  the  crank,  while  D  E  measures  the  side  thrust  on  the  piston-rod,  and  E  F  the 
longitudinal  strain  on  the  crank,  pushing  the  shaft  against  its  bearings.  If^  now,  at  the 
point  2  in  the  line  A  B  we  erect  a  perpendicular  2  Bj  equal  in  length  to  P  F,  and  at 
the  points  1, 3, 4,  &c.)  erect  others  deduced  by  the  same  kind  of  construction^  we  can  trace 


Fig.  174. 


Digitized  by 


Google 


THE    CONNECTTNO-ROD. 


395 


a  ciirve  through  their  summits,  the  height  or  ordinate  of  which  at  any  point  measures 
the  force  turning  the  crank-pin  at  the  corresponding  point  of  its  circumference;  and 
therefore  the  area  or 

space    enclosed    be-  yp  EJ--J*» 

tween  the  curve  and  g 

its  base  A  B,  which 
may  be  considered  to 
be  made  up  of  an 
indefinite  number  of 
these  ordinates,  mea- 
sures the  total  force 
expended  on  the 
crank  during  a  half- 
reyolution.  If,  now, 
we  take  a  line  G  H 
equal  to  the  diameter 
of  the  crank -circle 
or  the  stroke  of  the 
piston,  and  dividing 
it  into  any  number 
of  equal  parts,  erect 
ordinates  each  equal 
to  P  D,  and  there- 
fore representing  the 
constant  force  of  the 


Fig.  175 


piaton,  the  area  of  the  rectangular  figure  G-  H  K  L  thus  formed  will,  in  like  manner, 
measure  the  total  force  of  the  piston  during  one  stroke.  It  will  be  found  that  the 
area  of  this  figure  is  exactly  equal  to  that  of  the  curvilinear  figure,  as  might  be  pre- 
dicted from  the  knowledge  of  the  mechanical  principle,  that  by  no  combination  of 
machinery  can  we  create  or  annihilate  force ;  and  that  consequently  whatever  power 
the  piston  during  its  straight  stroke  impressed  upon  the  crank,  is  found  in  the  crank 
during  its  circular  movement.  By  altering  the  lencrth  of  the  connecting-rod,  as  com- 
pared with  that  of  the  crank,  we  alter  the  figure  or  the  force-curve,  but  we  do  not 
change  its  area ;  and  whether  the  connecting-rod  be  long  or  short,  the  power  conveyed 
through  it  during  the  half-revolution  is  constant.  The  other  half-revolution  being 
effected  under  similar  circumstances,  would  give  b.  foroe-curve  precisely  like  that  of  the 
former. 

In  this  investigation  we  have  observed  that  the  oblique  action  of  the  connecting-rod 
causes  a  lateral  thrust  on  the  piston-rod,  measured  by  the  line  D  E.  It  will  be  found 
that  the  longer  the  connecting-rod,  the  less  will  this  lateral  thrugt  be ;  and  as  it  is  a  force 
not  only  useless  to  the  machinery  but  positively  prejudicial,  as  it  tends  to  bend  the 
piston-rod  or  force  it  out  of  its  straight  path,  it  is  advantageous  to  reduce  it  to  as  small 
a  quantity  as  possible,  and  to  provide  means  for  counteracting  its  influence.  For  this 
reason,  a  long  connecting-rod,  three  or  four  times  the  length  of  the  crank  radius  at  least, 
should  be  employed,  and  the  end  of  the  piston-rod  should  be  made  to  move  in  guides  so 
as  to  prevent  it  from  being  deflected.  As  the  piston  at  the  dead  centres  has  no  influence 
in  causing  the  crank  to  revolve,  it  is  necessary  to  provide  some  means  of  making  up  for 
this  deficiency.    On  the  crank  shaft  there  is  fixed  a  large  heavy  wheel,  which  revolves 
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with  it,  and  acts  as  a  resenroir  of  force  to  carry  the  craok  round  the  dead  centres  and 

,"'- ^^^  otherwise  to  equalise  the  movement.     A  large  mass  of  matter, 

/  ^N^         such  as  the  fly-wheel,  weighing  sometimes  many  tons,  cannot  be 

/  c  \       put  in  motion  at  a  high  velocity  without  the  expenditure  of  great 

Q "^^    force ;  but  when  it  is  in  motion  it  requires  as  great  force  to  arrest 

tl       it.     In  the  motion  of  a  crank  coimected  with  a  fly-wheel,  while 
//  the  crank  is  receiving  its  most  advantageous  impulse  from  the 

piston  at  such  points  as  2,  3  or  4,  it  commimicates  some  of  its 
overplus  to  the  fly-wheel,  which  is  there  stored  up  in  the  form 
of  momentum  or  active  power,  to  be  given  out  upon  the  craiik 
and  any  machinery  coimected  with  it,  when  it  is  at  the  points 
1  and  6  receiving  no  power  from  the  piston. 

In  cases  where  a  fly-wheel,  on  account  of  its  weight  and  bulk, 
cannot  be  applied — as  in  marine  and  locomotive  engines— the 
engine  is  made  in  duplicate,  with  two  cylinders,  pistons,  con- 
necting-rods, and  cranks,  the  cranks  being  fixed  on  one  shaft  at 
right  angles  to  each  other.  While  the  one  crank  is  on  its  dead 
centre,  as  C  A  (Fig.  176),  and  receiving  no  rotary  impulse; 
Fig\  176.  the  otiier  crank  C  B  is  nearly  at  its  best  position  for  receiv- 

ing the  force  of  its  piston.  As  the  whole  power  of  an  engine  has  to  pass  through 
its  connecting-rod,  the  joints  which  connect  it  with  the  piston-rod  and  the  crank  require 
to  be  made  of  great  strength,  and  with  precautions  against  friction  and  wear.  The  pins 
of  the  crank  and  piston-rod,  on  which  these  joints  work,  are  made  of  wrought-iron,  for 
tho  fiiike  of  fltrt'ngtli ;  and 

aa    the    friction    of   like  .^-^ ^^-^  T 

metals  upon  each  other  is 
found  to  exceed  that  of 
ditferctit  mctalg,  the  eyea 
at  the  ondfi  uf  the  con- 
necting-rod arQ  Hoed  or 
hhishtd  with  bm^  gun- 
metal,  or  some  soft  metal, 
such  AS  tin  alloyed  with 
copp&rH  The  special  con- 
struction of  those  ejcfl 
depends  upon  circum- 
Btances,  diflcrent  engi- 
neers having  prcferenoei 
for  different  forma. 

In  Fig>  177  is  repre- 
aented  what  is  called 
the  strap-eye.  The  end 
A  of  the  connecting-rod 
ia  Bquared,  so  that  & 
wrought-iron  strap  B^bent 
to  horse -shoe  forreij  coji 
ilEde  on  to  it.  Between  the  arch  of  the  strftp  and  the  flat  end  of  the  rod,  ate  ioserted  the 
upper  bfiMS  C  and  the  lower  brusa  D,  generally  made  of  gun-metal,  sometimes  lined  Trith 
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mft  metaL  The  brasses  have  projecting  lips  or  flanges  at  each  side  to  prevent  them  from 
moving  sideways  within  the  eye.  Through  the  sides  of  the  strap  and  the  head  of  the 
connecting-rod  is  cut  a 
dot,  into  which  are  fitted 
two  pieces  of  iron,  the  key 
£  and  the  gib  F,  each 
slightly  tapered,  so  that 
when  the  key  is  driven 
gently  into  its  place  by 
a  hammer,  it  acts  as  a 
wedge,  pulling  the  strap 
down,  and  thereby  tight- 
ening the  brasses  on  the 
pin  to  which  they  are 
fitted.  A  little  space  is 
left  between  the  edges  of 
the  brasses  to  permit  their 
closer  approach  as  they  or 
the  pin  become  worn  in 
the  hole ;  and  the  slot  for  ^^- 1^^- 

receiving  the  gib  and  the  key  is  extended  upwards  in  the  strap  and  downwards  in 
the  connecting-rod  to  permit  the  key  to  be  driven.  Lest  the  key  should  be  shaken 
loose  by  the  motion  of  the  machinery,  it  is  often  split  open  at  the  small  end,  and  a 
wedge  G  is  driven  in  to  spread  it  laterally. 

The  fork-end  (Fig.  178)  is  made  by  forming  the  end  of  the  connecting-rod  like  a  fork, 
fitting  it  with  gun-metal  bushes,  and  tightening  them  by  means  of  a  gib  and  key.  The 
bushed-eye  (Fig.  179)  is  formed  by  shaping  the  end  of  the  rod  into  an  eye,  in  which 


Pig.  179. 


Fig.  180. 


gun-metal  bushes  are  fitted,  capable  of  being  tightened  by  a  key  passing  through  a  slot 
in  the  rod,  and  bearing  against  the  lower  bush,  which  is  notched  to  receive  it.  Some- 
times the  eyes  are  made  as  represented  in  Fig.  180.    The  end  of  the  rod  A  is  spread  out^ 
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on  which  are  fitted  two  brasses  made  with  a  hole  to  fit  the  pin,  and  secured  by  means  of 

bolts  and  nuts  D  E  passing 
through  the  end  of  the  rod,  and 
holes  in  the  brasses  fitted  accu- 
rately to  receive  them. 

Such  are  the  modes  princi- 
pally used  of  forming  the  eyes  ot 
connecting-rods,  or  of  any  joints 
through  which  considerable  strain 
has  to  be  communicated. 

The  crank  A  (Fig.  181)  is 
made  sometimes  of  cast-iron  for 
stationary  engines,  but  generally, 
for  maiine  engines,  of  wrought- 
iron,  having  a  hole  fitted  to  B 
the  round  end  of  the  shaft,  on 
which  it  is  fixed,  and  prevented 
^^Sr-  ^®^-  from    turning    by   a  key    C   or 

taperod  piece  of  iron,  driven  tightly  into  a  slit,  formed  partly  in  the  crank  and  pai-tly  in 
the  shaft.  Gene- 
rally, the  round 
hole  in  the  crank 
is  made  slightly 
smaller  in  dia- 
meter than  the 
round  end  of  the 
shaft ;  the  crank 
is  heated  so    as 

to  expand  it,  and  permit  it  to  be  driven  on  the  shaft ;  and  as  it  cools  it  tends  to  con- 
tract, and  thereby 
becomes  very  firm- 
ly bound  on  to  the 
shaft,  the  end  of 
which  is  rivetted 
or  hammered  over 
the  hole.  The 
crank -pin  D  is 
made  to  fit  truly 
into  a  hole  in  the 
crank,  in  which  it  is 
sometimes  secured 
by  a  key  or  pin 
driven  through  it 
transversely.  The 
distance  E  F  be- 
tween the  centre 
Fig.  183.  line  or  axis  of  the 

haft  and  that  of  the  pin  is  called  the  throw  of  the  crank,  and  it  is  exactly  half  the 


Fig.  182. 
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length  of  the  stroke  of  the  piston.  For  locomotive  engines,  and,  indeed,  for  many  of 
the  largest  marine  engines,  where  double  cranks  are  required,  it  is  usual  to  forge  both 
cranks  and  the  shaft  in  one  piece,  as  indicated  in  Fig.  182.  By  this  means  great 
strength  and  simplicity  are  secured,  and  all  the  risk  of  the  loosening  of  parts  put 
together  by  keys  or  otherwise  is  avoided. 

As,  by  means  of  a  crank,  the  reciprocating  motion  of  a  piston  is  converted  into  a 
continuous  rotary  motion  of  the  shaft,  so  the  continuous  revolutions  of  the  shaft  may,  by 
means  of  a  crank,  be  con- 
verted into  a  reciprocating 
movement  for  the  slide  or 
feed-pump;  but  for  this 
purpose,  instead  of  a  crank, 
an  eccentric  is  generally 
employed.  It  consists  of  a 
circular  disc  A  (Fig.  183), 
having  a  hole  B,  not  in  its 
centre,  through  which  the 
shaft  passes.  Boimd  the 
disc  is  fitted  a  ring  C, 
generally  made  in  halves, 
secured  to  each  other  by 
bolts  and  nuts  at  I) ;  and 
to  one  side  of  the  ring  is 
attached  the  eccentric  rod 
E  F.  The  eccentric  disc, 
or  sheave,  being  firmly 
fixed  on  the  shaft,  is  caused 
to  revolve  with  the  latter, 
and  its  centre  is  thus  made 
to  describe  a  circle  round 
the  centre  of  the  shaft. 
The  whole  sheave  thus  be- 
comes a  crank-pin  of  ex- 
tended diameter;  and  as 
it  can  slip  freely  round 
within  the  ring,  the  end 
F  of  the  eccentric-rod  is 
caused  to  move  upwards 
and  downwards,  during 
every  revolution,  through 
a  distance  equal  to  the 

diameter  of  the  circle  through  which  the  centre  of  the  sheave  revolves.  The  radius 
of  this  circle  is  called  the  throw  of  the  eccentric ;  and  its  diameter,  or  the  distance 
through  which  F  is  caused  to  move  during  a  half-revolution,  is  called  the  stroke  of  the 
eccentric -rod.  The  setting  of  the  eccentric  upon  the  shaft,  or  the  fixing  of  its  position 
with  respect  to  that  of  the  crank,  is  a  matter  of  nice  adjustment  for  causing  an  engine 
to  act  well,  as  we  shall  endeavour  to  describe.  Let  A  (Fig.  184)  represent  the  outline 
of  a  cylinder  and  piston,  with  the  ports  at  one  side,  and  a  long  D-slide  D  fitted  to  them, 
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C  the  circle  in  whicli  the  crank-pin  reyolyes,  and  E  that  in  which  the  centre  of  the 
eccentric  revolves  in  connection  with  it.  We  suppose  the  piston  at  the  top  stroke,  and 
the  crank-pin  at  C.  If  it  is  intended  that  the  crank  shall  revolve  in  the  direction  of 
the  arrow  in  I,  the  eccentric  revolving  in  the  same  direction,  the  slide  should  be  just 
opening  to  admit  steam  above  the  piston,  and  to  permit  its  exit  from  below  it.  The 
centre  of  the  eccentric  must,  therefore,  be  at  some  such  position  as  E', — so  that,  as 
it  continues  to  revolve,  it  may  continue  to  open  the  slide  to  steam  above  and  to  eduction 
below  for  some  time,  and  then  be  ready  at  ^  when  the  crank  reaches  C  to  reverse  the 
movement.  Again,  if  the  rotation  of  the  crank  be  in  the  opposite  direction,  as  in  II, 
the  eccentric  centre  must  for  the  like  reason  be  at  E',  a  point  on  the  side  of  the  vertical 
central  line  opposite  to  that  occupied  by  E'.  In  an  engine  always  moving  in  one 
direction,  the  eccentric  can  be  fixed  on  the  shaft  in  such  a  manner  as  to  give  the  proper 
movement  to  the  slide ;  but  when  it  is  desired  that  the  engine  should  move  in  the 

opposite  direction,  some  expedient  must  be  devised  for 
altering  the  position  of  the  eccentric  on  the  shaft 
through  an  angle  measured  by  twice  E'  F',  or  E"  F", 
so  as  to  throw  its  centre  as  much  to  one  side  as  it  was 
to  the  other  side  of  the  crank  pin.  The  simplest  mode 
of  effecting  this  object  is  to  make  the  eccentric  sheave 
loose  on  the  shaft,  with  a  piece  A  B  (Fig.  185)  pro- 
jecting from  its  face,  and  a  piece,  or  stop,  C  D 
pojecting  from  the  shaft.  When  the  shaft  moves 
in  one  direction,  the  eccentric  remains  at  rest  until 
the  end  C  of  the  stop  comes  against  B,  when  it  is 
caused  to  revolve  with  the  shaft.  But,  if  the  shaft  rotate  in  the  opposite  direction,  it 
leaves  the  eccentric  behind,  until  D  come  roimd  to  A,  when  it  is  again  caused  to  revolve, 
but  having  its  centre  changed 
with  respect  to  any  fixed  point 
on  the  shaft,  by  a  quantity  deter- 
mined by  the  extent  of  slip  before 
the  opposite  edges  of  the  stops 
come  in  contact.  When  this 
arrangement  is  adopted,  the  end 
of  the  eccentric-rod  is  generally 
made  of  the  form  indicated  in 
Fig.  186,  having  what  is  called  a 
g<ib  or  round-bottomed  notch  A 
fitted  to  the  pin  of  the  slide  rod 
B.  When  the  eccentric-rod  is 
pushed  or  drawn  aside,  so  as  to 
relieve  the  slide-rod  pin  from  the 
gab,  the  slide  can  be  moved  up- 
wards or  downwards  by  hand, 
independently  of  any  motion  of  ^8r- 186. 

the  eccentric-rod,  and  the  movement  of  the  steam  above  or  below  the  piston  thus 
changed  at  pleasure.  C  is  a  guard  or  stop  to  prevent  the  withdrawal  of  the  rod  too 
far  from  the  pin.  The  slide-rod  is  generally  made  capable  of  being  worked  by  a 
lever  conveniently  situated  for  the  hand  of  the  attendant.     When  he  wishes  to  reverse 


Digitized  by 


Google 


LDOL  MOTION  VOS  HAKtHB  AND  IiOOOHOTIVB  SlfGIKRS. 


401 


the  notion  of  the  engine,  he  quickly  withdnwe  the  gab  from  the  elide-xod  pin,  and  hj 
jneane  of  the  hand-lever  moves  the  ^de  in  the  direction  opposite  to  that  in  whidi  it  was 
ionner^j  moved  by  the  ecoentric  He  thus  throws  the  steam-pressure  on  the  opposite 
side  of  the  pi8ton--if  it  was  formerly  aseendhig  it  begins  to  descend,  and  conversely — ^the 
cnorement  of  the  crank  and  shaft  is  thus  reversed,  the  stop  that  drives  the  eccentric  is 
tronght  round  to  the  opposite  side ;  and  when,  after  a  few  alternations  of  the  slide  by 
hand,  the  reversid  of  the  engine  is  fairly  established,  the  gab  of  the  eccentiio-rod  is  per- 
mitted again  to  drop  over  the  slide-rod  pin,  and  the  contrary  motion  continues. 

When  there  «re  two  engines  working  together,  such  as  marine  or  locomotive  engines, 
ihe  number  of  operations  required  for  reversal  makes  it  a  rather  difficult  matter.  There 
are  two  slides,  two  eccentrics,  and  two  sets  of  hand-levers ;  both  gabs  have  to  be  thrown 
out  of  gear,  and  both  levers  worked  for  a  time  by  hand,  while  great  care  is  demanded 
on  the  pa!rt  of  the  attendant  lest  he  work  them  in  such  a  way  as  to  neutralize  each 
Qther,  or  oppose  the  reversing  effect  which  he  desires  to  produce.  To  overcome,  these 
difficulties,  an  ingenious  arrangement,  called  the  link  matioHy  has  been  introduced  in  marine 
and  locomotive  engines.  For  each  of  the  engines  there  are  two  eccentrics  fixed  side  by 
aide  on  the  shaft,  and  their  rods  are  jointed  to  an  arc  A  (Fig.  187)  with  a  circular  slot 
in  it,  in  which  the  pin  B  of  the  slide-rod  can 
freely  slide.  The  two  eccentrics  are  fixed  on  the 
shaft  in  such  positions  that  one  is  adapted  for  the 
motion  df  the  shaft  in  one  direction,  while  the 
other  suits  its  motion  in  the  opposite  direction. 
When  the  rod  of  iha  one  is  nearly  in  a  direct  line 
with  the  slide-rod,  it  gives  it  its  reciprocating 
motion,  while  the  other  merdy  causes  the  arc  to 
oscillate  without  affecting  the  motion  of  the  slide ; 
but  when  the  arc  and  rods  are  pulled  aside,  so  as 
to  bring  the  slide-pin  under  the  other  eccentric 
rod,  its  motion  is  given  to  the  slide,  and  the  engine 
is  thus  reversed.  With  such  an  apparatus,  ^en, 
one  simple  movement  of  a  hand-lever,  connected 
with  the  arcs  of  both  engines,  causes  their  imme- 
diate reversal.  But  this  is  not  the  only  advantage 
of  the  link  motion.  It  will  be  readily  seen  that 
the  middle  point  A  of  the  arc  being  brought  round 
to  the  slide-rod  pin,  the  latter  will  be  left  nearly 
at  rest,  for  the  opposite  ends  of  the  arc  being 
moved  nearly  in  opposite  directions  by  the  eccen- 
trics will  merely  oscillate  round  A,  as  a  fulcrum  or  ^*^*  ^*^' 
oentre.  By  bringing  the  arc  to  this  position  the  engines  are  stopped -because  the  slide 
being  at  rest,  admits  no  alternation  of  steam  above  or  below,  the  piston.  Again,  by 
ahifting  the  arc  so  as  to  bring  the  pin  to  any  point  oh  either  side  of  A,  more  or 'less 
movement  of  the  slide  in  either  direction  is  produced  at  pleasure,  and  thus  the  quantity 
of  steam  passing  through  the  ports  into  the  cylinder  may  be  varied,  and  consequently 
the  speed  of  the  engine,  according  as  the  slide  is  caused  to  expose  a  greater  or  less 
amount  of  opening  at  the  ports  for  its  admission. 

When  valves  are  used  instead  of  the  sUde,  for  alternating  the  flow  of  steam  to  the 
^rot^i^^^^  unusual  to  move  them  by  apparatus  called  mmm;  A  (Fig.  188}  isa 
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pipe  leading  from  the  boiler,  B  a  port  to  the  cylinder,  and  C  a  Talye,  either  simple  or  of 
the  double-beat  kind,  cloeing  the  passage  firom  A  to  B. 
The  valve-rod  C  D,  passing  through  a  stuffing-box  in 
the  cover  of  the  valve-box,  terminates  in  a  roller  D, 
which  bears  upon  a  cam  F  fixed  on  a  shaft  E,  cansad 
to  rotate  by  the  engine.  This  cam  is  a  disc  partly 
circular,  and  with  part  of  it  F  projecting  to  a  greater 
distance  from  the  centre.  As  long  as  the  roller  D  bean 
upon  the  circular  portion,  the  valve  0  remains  down 
upon  its  seat ;  but  as  the  projecting  part  of  the  cam  is 
brought  by  its  revolution  under  the  roller,  the  valve- 
rod  is  pushed  up  and  the  valve  lifted  to  pennit  the 


Tig.  188.  Fig.  189. 

passage  of  the  steam.    By  varying  the  extent  of  the  projecting  part,  the  valve  can 
be  kept  open  during  a  greater  or  less  portion  of  a  revolution  of  E.     When  it  is 
desirable  to  vary  this  period,  the  cam  is  sometimes  made  with  numerous  steps  of  various  ' 
extents,  on  any  of  which  the  roller  may  be  made  to  bear  at  pleasure  (Fig.  189). 

For  engines  revolving  slowly,  this  mode  of  working  valves  is  very  valuable,  as  it 
gives  the  power  of  admitting  steam  to  the  cylinder  during  a  less  or  greater  part  of  a 

stroke,  and  there- 
by of  taking  ad- 
vantage   of    its 
expansive  power 
within  the  cylin- 
der.    But  when 
the  rate  of  revo- 
"^^^x,        lution  is  rather 
^     rapid,  it  ia  diffi- 
j    cult  to  make  the 
/    cam    and   roller 
/     capable  of  woik- 
— """"^        ingwithoutnoisy 
and       injurious 
blows,  resulting 
from  their  rapid 
alternations. 

In  stationary 
engines,  which 
are  subjected  to 
continual  varia- 


Fig.190. 


tioDB  of  work,  and  yet  are  required  to  move  with  great  regularity,  it  is  essential  to 
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The  most  simple  and  efficacious  appara* 


provide  some  means  of  goyeming  the  speed, 
tus  for  this  purpose  is  the  conical 
pendulum  or  govemor,  inyented 
by  Watt  (Fig.  190).  We  have 
already  described  it  in  general 
terms  as  applied  to  windmills. 

For  steam-engines  it  is  used 
in  a  similar  manner.  The  verti- 
cal spindle  is  put  in  motion  by 
the  engine,  and  revolves  quickly 
or  slowly  according  to  the  velo- 
city of  the  engine.  When  it 
revolves  rapidly,  the  balls  fly 
outwards  and  raise  the  grooved 
brass  which  slides  on  the  spindle 

H 


Fig.  191. 
A  (Fig.  191),  and  thus  moves  a  forked  lever  B,  whiah, 
by  proper  rods  and  levers  C,  causes  the  throttle-valve  D 
to  turn  round  in  the  steam-pipe,  and  check  the  passage  of 
the  steam  to  the  cylinder.  When  the  engine  revolves 
slowly,  on  the  other  hand,  the  balls  fall  in,  the  brass  sinks, 
and  the  throttle- valve  is  presented  edgeways  to  the  steam, 
and  permits  a  more  free  passage. 

As  in  the  pendulum  ot  a  clock,  the  length  from  the 
point  of  suspension  to  the  bob  must  be  regulated  to  beat 
seconds,  or  half-seconds,  or  any  other  intervals 
that  may  be  required;  so  in  the  conical  pendulum 
or  governor,  the  length  of  the  arms  that  carry 
the  balls  must  be  regulated  by  the  speed  at 
which  they  revolve.  In  discussing  this  question, 
we  need  only  consider  one  ball,  as  each  is 
regulated  by  the  same  law,  and  they  are 
generally  made  in  duplicate  for  the  sake  of 
balancing  the  apparatus,  and  to  give  it  symme- 
try. The  force  which  tends  to  throw  tie  ball 
outwards  from  the  vertical  spindle,  is  the  centri- 
fugal force  of  its  revolution,  or  its  tendency  in 
obedience  to  the  first  law  of  motion  to  proceed 
in  the  straight  line  E  F  (Fig.  192),  touching 
the  circle  in  which  it  revolves,  rather  than  to  be 
continually  diverted  from  its  straight  to  a  cir- 
cular path.  The  force  which  opposes  the 
centrifugal  force,  and  causes  the  ball  to  be  continually  deflected  frt)m  the  straight 
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line,  is  the  weight  of  the  ball  tending  to  push  it  close  home  to  the  yertical  qpindle. 
If  we  take  any  position  of  the  ball,  such  .as  D,  A  B  being  the  yertical  spindle, 
and  complete  the  parallelogram  of  forces  A  B  D  H,  while  the  line  I)  H  or  A  B  repre- 
sents in  quantity  and  direction  the  weigiht  of  the  ball,  and  D  B  drawing  it  down,  or 
A  H  the  centrifugal  force  pushing  it  outwards,  A  D  represents  the  resultant  of 
those  two  forces  as  a  tension  on  the  rod  by  which  the  ball  is  suspended.  If  we 
know  the  velocity  with  which  the  ball  moves  in  its  path,  and  the  radius  of  that  path, 
we  can  estimate  its  centrifugal  force  in  comparison  with  its  weight,  and  can  make  the 
limb  A  I)  of  such  a  length  that  these  two  forces  ahall  be  properly  proportioned  for  a 
certain  velocity.* 

The  length  of  the  arm  of  the  governor,  measured  from  the  point  of  suspension  to 
the  centre  of  the  ball,  may  be  found  from  the  following  rule : — 

*  Note, — ^E  G  being  part  of  the  circular  path,  which  may  be  taken  as  small  as  we 
please,  and  E  E  perpendicular  on  C  F,  F  £  is  nearly  bisected  in  G,  and  E  K  is  nearly 
equal  to  £  F,  and  K  F  nearly  parallel  to  C  E.    Also  G£:£F::EK:KF  = 

EKEF  ,    EF« 

—^jj-jj—,  or  nearly.^. 

A  body  projected  from  E  with  such  a  velocity  as  would  in  a  small  period  A  i  cause 
it  to  describe  E  F  if  acted  on  during  that  period  by  a  constant  deflecting  force  parallel 
to  C  E,  giving  it  during  A  ^  a  velocity  which  would  cause  it  to  describe  uniformly  F  S 
in  the  time  A  t  would  be  deflected  through  F  G,  the  half  of  F  K  in  the  time  A  t. 

If/=  the  deflecting  force  per  second  (measured  by  the  velocity  acquired), /A  ^  is 
the  space  traversed  during  A  <  at  the  velocity  acquired  during  A  t,  and  if  t^  be  the 
velocity  per  second  of  the  body  in  £  F,  and  therefore  £  F  =:  v  A  ^,  and  r  =  C  £,  the 
radius  (measured  in  inches), 

/A^--FK^^^ _../__- 

Taking  i»  =  the  number  of  revolutions  per  minute,  ^^  ^  number  per  secono,  and 
2  ir  r  =  the  circumference  traversed  in  each  revolution,  .•.!>=:;  ~ 


60     "~  9-545 


^^^^«'^=  (9W"r'  =  9Trk.'  ^^^7  nearly. 

The  force  of  gravity  is  measured  by  a  velocity  of  32|  feet  or  385  inches  acqtdred 
per  second,  and  taking  tr  =  the  weight  of  the  body,/  :  w  :-.  -^r-  :  385 

•••  •^=  911  in.  X  885  =-S58g  ^'^  '"^^- 
Now,  as  /  is  represented  by  B  D,  while  w  is  measured  by  A  B,  and  as  B  D  =  r 

AB:BD=:«:/::«:^ 

.  ^      36344  B  D      85344       /188\» 

"  ^^=  «'  BD=-^  =  Cir) 

It  18  convenient  in  practice  to  make  the  angle  BAD  about  30"  when  the  governor 

is  at  its  average  speed,  when  A  D  =2  D  B,  and  as  A  D>  =A  B^  +  D  B^,  we  find 

.  TV         2    /188\»       /200\a  , 

ADrrp^^— )  =(— }  veiynearly. 
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DiTide  200  b^-  tho  numlwr  of  rcTolutioai  p€r  ntiiitita»  ind  multiply  the  quotienl  bj 
itself  fi>r  the  Uogtli 


quired  tbe  lejigth. 

of  a  gOTetnor  arm 

suited  to  60  rero- 

lotimif    per    mi^ 

200 
nnte:     —  =  4, 

and  4  X  4  :=  L6 

inches. 

.  Toindtlieirpeed 
snited  to  a  gov€r* 
nor  of  a  givEn 
length  of  arm. 

Diyide  200  by 
the  aqoare  root  of 
the  length  (ia 
inckes),  and  tlh& 
quotient  will  be 
ibe  munber  of 
KToliitioofi  per  mi- 
nute. 

quired  the  proper 

speed  for  a  gtjver* 

nor  having  sn  ana 

16  inches  long. 

The^ square  root 

of    16   ia   i,   and 

200 

-J-  =  60  rsTolu- 

iiana  per  minute. 

The  rodfl  imd 
lev^»  connecting 
lie  goTemor  with 
the  throttle-Yal're 
ijbould  be  capabb 
of  adjustment^  and 
it  is  usefol  to  hare 
an  adjusting  coim* 
terbalance  to  the 
eentrifugal  force  of 
theballs,  hyehang* 
ing  -which  tho  re- 
gulated spocd  of  the  engine  can  be  Taiied  at  pleaHuro-  jU^ough  the  gotremor  we  Wfl 
described  is  a  most  valuable  aoceasion  to  an  engine,  yet  it  is  not  a  perfect  rpgulator;  £xit^ 
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y^  mode  of  actioa  implies  that  the  Telocity  of  the  engine  must  haye  nndergone  a  change, 

before  the  goyemor  can 
have  began  to  moye  the 
throtile^yBlye.  But  with- 
in certain  limits  the  yaii* 
ation  in  speed  of  an  engine 
thus  regulated  is  incon- 
siderable, and  there  is  no 
apparatus  so  simple. and 
durable  that  is  capable  ox 
maintaining  ItVe  regu- 
larity. 

Another  kind  of  go- 
yemor has  been  applied, 
not  without  success.  The 
lever  of  the  throttle-valye 
is  connected  by  a  rod  with 
a  small  piston  working  in 
a  cylinder;  the  engineputs 
in  motion  a  smallpump, 
which  forces  air  or  water 
into  this  cylinder,  and 
escapes  firom  it  by  an 
aperture,  the  size  of  which 
can  be  regulated  at  plea- 
sure. If  the  speed  of  the 
engine  increase,  the  small 
cylinder  is  filled  more  ra- 
pidly than  it  can  empty 
itself,  and  the  piston  thus 
raised  closes  the  throttle- 
valve.  Should  the  engine 
move  more  slowly,'  the 
»nall  cylinder  becomes 
emptied  more  rapi^y  than 
it  is  filled  by  the  pump  ; 
and  the  piston  desoencBng^ 
opens  the  tiurottle-yalTe 
so  as  to  admit  more  steaiDi 
to  the  main  cylinder. 

Having  now  described 
separately  the   principal 
parts  of  which  a  ncm-con- 
^*  densing  engine  eomsiBts^ 

we  will  discuss  some  of  the  modes  in  which  these  parts  can  be  most  conveniently  arranged. 
Figs.  193  and  194  are  sections,  transverse  to  each  other,  of  a  vertical,  direet- 

Acting  non-condensing  engine ;  and  Fig.  195  a  plan  of  the  same.    A  is  the  foundation- 

^te,  forming  the  bottom  of  the  cylinder  B^  which  is  seemed  to  it  by  bolta  and 
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C,  the. slide  and  steam  passages.  D,  the  piston  and  rod,  terminating  in  a  cross-liead  £, 
which  works  between  guides,  and  to  which  is  jointed  the  connecting-rod  F.  G,  the 
crank ;  and  H  H,  the  bearings  in  which  the  crank-shaft  reyolyes.  I,  the  eccentric  and 
rod  for  working  the  slide ;  and  E,  an  eccentric  for  working  the  feed-pmnp  L.  M,  the 
fly-wheeL  This  engine  is  of  yery  simple  construction,  and  has  no  parts  that  are 
mmeceesary  to  the  efficient  working. 

Fige*  196  and  197  ar©  vitiwa  of  what 
IB  colled  a,  tabltt-enginc,  Tbo  cylinder  ia 
elevation  a  table ;  the  piBton-rod  lemii- 
natea  in  a  ujross-head,  having  a  roller  dt 
each  end  working  in  a  guide,  and  a  con- 
nacting*ro<l  deacending  on  each  side  df  the 
cylinder  to  a  fihaft  made  with  two  eranka 
bdow^  working  in  bearinga,  and  carrying 
a  fly~whcel  and  eccentrics  for-  the  alide 
and  feod-pump.  The  govemer  is  drawn 
by  bevil  gearing  irom  the  crank- shafts 

In  the  locomotiTe  engine,  the  action 
is  precisely  simikr  to  that  of  the  direct- 


o" 

H 

I 

o 

^/^ 


Fig.  196. 


acting  Tcrtieal  engine^  althou^ 
tb£  cylinder  is  laid  hori^ootaliy, 
and  the  framing  i^  combined  in 
such  a  manner  with  tho  boiler  as 
to  Bucure  strength  and  lightness. 
Methods  of  Eeibnatliig 
Fower.  —  In  estimating  the 
power  ofanou'^condensingongine, 
%Vii  hfl¥o  Only  to  ascertain  tbo  pres- 
sur^  on  the  eiurfac:^  of  the  piston 
causing  it  to  move,  and  the  dis- 
tance pajsaed  over  by  it  under  thiji 
pressure  in  a  given  time,  er  the 
velocity  witb  which  the  prcaauru 
nets.  The  produiit  of  thtj  prea- 
aure  by  the  vebx^ity  gives  the 
power;  and  if  the  former  be  taken 
in  lbs.,  and  the  latter  in  feet  per 


minute,  we  have  to  diyide  their  product  by  33,000  to  reduce  it  to  the  iriandard  of  horse« 
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power.    For  example,  if  we  knew  that  the  piston  mored  over  200  feet  every  miRute 
under  an  average  presenire  of  1650  lbs.  on  its  whole  surface,  the  effect  would  be  tba 
same  as  if  1650  X  200  =:  330,000  lbs. 
moved  over  1  foot  p^  minute ;  and  as 
1  horse-power  is  reckoned  equivalent  to 
33,000  lbs.  moved  over  1  foot  per  mi- 
nute, the  power  in  the  case  assumed  is 
330,000       ,^, 
"33,000- =  ^^^°"^-P^^^- 

But  in  estimating  the  pressure  on  the 
piston,  we  are  not  entitled  to  assume  it 
as  that  of  the  steam  in  the  boiler,  which 
may  be  measured  b  j  a  steam-gauge.  In 
the  first  place,  there  is  always  some  length 
of  pipe  between  the  boiler  and  the  cy- 
linder, and  the  steam  passing  through 
this  pipe  loses  some  portion  of  its  heat. 
Beferring  to  the  table  of  temperatures 
and  corresponding  pressures,  we  can 
see  that  the  reduction  by  a  very  few 
degrees  of  the  former,  produces  a  very 
considerable  diminution  of  the  latter. 
While  it  is  usual  to  cover  the  steam- 
pipe  with  felt,  or  some  such  non-con- 
ducting casing,  in  order  to  prevent  a  loss 
of  this  kind  as  far  as  possible ;  yet  with 
every  precaution  there  is  a  diminution  of 
pressure  to  the  extent  of  several  pounds 
per  square  inch,  especially  when  the 
initial  pri^aaure  is  considerable*  More* 
over,  before  the  steam  enter*  the  cy- 
linder, it  has  to  pass  tlio  throtde^valye,  which  may  be  partially  closed  by  the  governor, 
and  the  steam  is  Qin&,  ^  it  WLxe,  teir^drawn,  or  made  thiimer,  less  dense,  and  c«nfle- 
quently  capable  of  preasing  with  less  fon;e  on  the  pbtan.  Were  the  piatoa  at  refit, 
however  small  might  bo  the  paasage  for  the  steam,  yet,  like  water  fiiiding  ita  level,  it3 
pressure  would  very  quickly  become  uniform  throughout  every  cavity  to  which  at  might 
have  occeas.  But  oe  the  piston  is  in  motion,  the  fiteam  haa  to  flow  along  the  pipe  and. 
paasages  witi  sufficient  rapidity  to  follow  up  the  piston  in  its  progress ;  and  if  its  course 
be  arrcsttd  or  impeded,  that  portion  of  it  beyond  the  impediment  must  necessarily  be  of 
leaa  density  than  that  before  it.  Again,  as  the  alternate  flow  of  the  steam  above  and 
bcloirthe  piston  is  controUed  by  means  of  valves  or  a  slide,  the  itpertnres  H>venjd  by 
them  cannot  be  opened  or  cloeed  instantaneously,  and  there  miist  therefore  be  at  every 
altematioii  moments  of  transition^  during  which  the  passages  are  throttled  and  th» 
steam  wire-drawn.  When  the  slide  is  moved  by  an  eeeentrie^  the  opening  and  closing 
of  the  potrta  is  gradual^  and  the  amount  of  passage  open  for  the  steam  is  contiaually 
ehanging.  If  the  slide  and  eccentri*i  be  so  adjusted  that  the  upper  port  is  just  beginning- 
to  open  when  the  piston  is  at  the  top,  it  wiU  oontiuue  to  open  for  some  time  during  tho 
deatent  of  the  piston^  until  it  attains  its  citreme  width.    It  then  begins  to  tlo«e ;  a&d 
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before  the  piston  reaches  the  bottom  it  must  be  dosed  some  time  by  the  slide^  which  has 

moved  onwards 
a  sufficient  dis- 
tance    to     be 
read^  for  open- 
ing thi}  bottom 
port  to  admit 
iho  Htciam  b&- 
low  the  pigtou. 
The  alido  and 
eccentric     ar« 
gcnuTull^  60  ad- 
ju»t4jdthiitca^h 
port   is   closed 
wh^n  the  pie^ 
ton  hai»  passed 
through     fnda 
of   ita    stroke » 
During  the  romaining  Jrd  of  the  stroke,  the  prG«- 
STipe  on  the  pigttm  must  therefore  gradu&lly  ditni- 
niih,  QS   no  freak  fitiiam  being  admitted  into  tho 
cylinder,  that  already  in  it  becomes  expanded  in 
volume^  and  proportionally  diminished  in  densitj' 
and  p  resaiire.    M  orcoTer,  wL  e  u  to  double  ecfientric 
and  link  motioji  h  employed  to  work  the  slide,  or 
when  a  apeciAl  valve  is  provided  for  cutting  off  or 
arresting  tho  ingress  of  steam  to  the  cylinder  at  an 
earlier  period  of  the  stroke  than  that  which  is  dotcr- 
mincd  from  the  motion  of  the  slide  alone,  the  en- 
pne  is  said  to  be  woiked  expansively,  and  the  gra- 
dual dimmntion  of  pressm*e  during  the  stroke  be- 
comes still  niore  niarked. 

Again,  aft*r  tlie  piston  has  completed  its  stroke, 
the  cylinder  being  filled  with  steam  of  euch  final 
presaun!  aa  may  reaidt  from  the  eauaes  we  huvc 
named,  ha^  to  empty  itself  on  the  return  of  the 
piston,  tlirough  the  ports  tind  waste-pipes.  To 
move  the  ateam  through  tlieao  paasages  demands 
soma  foree,  wbit^h  acts  as  a  back  pressure  or  reeist- 
ance  on  the  piston,  and  thereby  diminishes  ita  efiEcc- 
tivo  working  force. 

Having  in  view^  then,  all  these  cames  of  change 
in  the  steam-preesurc  during  each  stroke  of  tho 
piston,  it  beeomt^s  important  to  aseextiLin  what  is 
the  mean  or  average  pressure  throughout,  which 
may  be  reckoned  as  the  working  pressure,  or  the 
actual  fbrce  applied  to  each  ^art  of  the  surfa<3e  of  the  piston  to  move  it  against  the  resist- 
ance of  tho  maehinory  on  which  it  actfl- 
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The  indicator  is  b  rimple  and  beautiftil  instrumeflt,  by  wlucli  this  element  of  power 
can  be  ascertained  with  the  greatest  accu- 
racy. A  (Fig.  198)  is  a  small  cylinder  open 
at  top,  fitted  with  a  piston^  and  communi- 
cating by  a  pipe  and  stop-cock  with  the 
npper  or  lower  part  of  the  main  cylinder. 
The  piston  is  pressed  down  into  the  cylin- 
der by  a  nicely  adjusted  spiral  spring,  and 
«  pencil  B  is  fixed  to  the  piston-rod.  0  is  a 
roller  round  which  a  piece  of  paper  is  wound; 
on  the  axis  of  this  roller  is  fitted  a  pulley 
D,  connected  by  a  string  with  some  of  the 
moving  parts  of  the  engine.  The  roller  is 
also  fitted  with  a  spring,  like  the  main-spring  of  a  watch,  in  such  a  nmnnyr  that  after 
being  pulled  round  in  on»  direction  by  the  motion  of  the  engine  communicated  through 
the  string,  it  is  made  to  recoil  by  the  spring.  If  we  suppose  the  stop-cock  dosed,  ie 
piston,  being  pressed  on  by  the  spring  and  the  atmosphere,  will  remain  at  the  bottom  of 
the  cylinder ;  and  the  pencil  being  stationary  at  its  lowest  point  E,  while  the  roller  is 
made  to  rotate  backwards  and  forwards,  will  describe  a  line  on  the  paper  which  wonld 
appear  straight  on  its  being  unfolded  from  the  roller.  But  if^  while  the  roller  oontiiiues 
its  motion,  the  stop-cock  be  opened,  then  the  piston  wiU  be  subjected  to  the  preasore  of 
steam  in  the  main  cylinder,  and  will  be  forced  upwards  in  opposition  to  the  pressure  of 
the  spring  and  of  the  atmosphere,  and  the  pencil  will  trace  a  line  on  the  paper  varying 
in  height  as  the  piston  rises  and  fidis.  But,  fiuther,  if  the  spiral  spring  be  so  adjusted 
that  we  know  exactly  how  many  pounds  will  compress  it  an  inch,  and  if  we  know  the 
area  of  the  piston,  we  can  exactiy  measure  the  amount  of  pressure  on  it  by  the  heiglit 
to  which  the  pencil  is  raised  above  the  neutral  line  E,  where  it  remains  when  subjected 
to  no  upward  pressure.  And  thus  the  position  of  the  pencil  on  the  paper,  or  the  mark 
left  by  it  at  any  point,  furnishes  the  measure  of  the  pressure  on  the  main  piston  of  the 
engine  at  the  corresponding  point  of  its  stroke.  On  unfolding  the  paper  from  the  roUer 
we  should  find  a  figure  (Fig.  199)  described  on  it  by  the  pencil,  which,  when  properly 
analyzed,  gives  us  the  means  of  reckoning  the  varying  pressure  on  the  piston,  and 
often  poults  out  defects  in  some  of  the  adjustments,  and  suggests  modes  of  remedying 
them. 

If  we  suppose  that  the  area  of  the  indicator-piston  is  1  square  inch,  and  that  the 
spring  is  adjusted  so  that  it  requires  a  force  of  10  lbs.  to  compress  it  1  inch  in  length, 
or  1  lb.  to  compress  it  t'^th  of  an  inch,  we  can  form  a  scale  of  tenths  of  inches,  and  apply 
it  to  the  indicator  diagram  at  a  number  of  points  A,  B,  0,  &o.  (Fig.  200),  equally  distant, 
and  measure  oif  the  lengths  of  ordinates  A  L,  B  M,  &o.,  drawn  through  these  points,  and 
thus  estimate  the  pressures  acting  on  the  piston  of  the  indicator-cylinder  at  equidistant 
points  of  the  stroke  through  which  the  paper  is  made  to  traveL  These  pressures  ooire- 
spond  exactly  with  those  to  which  the  main  piston  of  the  engine  has  been  subjected 
during  its  stroke,  because  the  small  cylinder  of  the  indicator  communicates  freely  with 
the  cylinder  of  the  engine.  If  we  suppose  the  indicator  to  be  fixed  at  the  top  of  the 
cylinder,  the  upper,  part  of  the  curve  o,  L,  M,  &c.,  B,  Z,  is  that  traced  during  the 
descent  of  the  piston  when  the  steam  is  pressing  on  it.  The  lower  part  of  the  curve  ZT, 
&c.,  S  d,  is  that  traced  during  the  ascent  of  the  piston  when  the  steam  is  escaping  from 
the  cylinder.    Were  the  indicator  fixed  to  the  bottom  of  the  cylinder,  we  diould  get 
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oorrespondmg  curves  for  the  steftm-preSBiires  there.    Generally,  when  the  slide-gear  ia 
properly  adjusted,  these  figures  are  yery  nearly  alike ;  and,  if  so,  the  upper  part  of  the 


Fig.  200. 


enrre  may  be  taken  as  that  traced  by  the  active  pressure  either  above  or  below  the  pis* 
ton,  while  the  lower  part  of  the  curve  may  be  taken  as  representing  the  corresponding 
resistance  of  steam  during  its  egress  from  the  cylinder.  Now,  as  the  total  height  C  K 
of  any  ordinate  measures  the  total  pressure  on  one  side  of  the  piston  when  it  is  at  the 
point  of  its  stroke  corresponding  to  C ;  and  as  the  part  0  U  of  the  same  ordinate  repre- 
sents the  resisting  pressure  on  the  piston  at  the  same  point  of  its  stroke;  the  difference 
UN,  or  the  part  of  the  ordinate  intercepted  between  the  upper  and  lower  limbs  of  the 
ODTve,  measures  the  effective  pressure  on  the  piston  dear  of  all  resistances.  The  same 
applies  to  aU  the  ordinates;  and  as  we  may  suppose  the  whole  curved  space  made  up  of 
numerous  equal,  narrow,  vertical  strips,  each  measured  in  height  by  an  ordinate,  we 
reckon  the  area  of  the  figure  contained  within  the  curve  as  an  expression  of  the  power 
developed  by  the  piston  during  its  stroke.  Or,  having  taken  a  considerable  number  of 
pressure  ordinates  and  found  the  average,  we  consider  this  the  mean  efiective  pressure 
on  the  piston.    For  example,  the  average  of  those  marked  in  the  figure,  found  by 

adding  them  into  one  simi,  and  dividing  it  by  their  number,  is  -=-  =  20  lbs.,  the  mean 

effective  pressure  on  every  square  inch  of  the  piston.  In  taking  the  average  in  this 
way,  the  most  correct  method  is  to  take  the  first  and  last  ordinates,  A  L  and  G  R,  at  a 
distance  from  the  respective  ends  of  the  stroke  a  and  Z,  half  that  which  separates  the 
ordinates  generally,  A  B  or  B  C. 

If  we  suppose  the  engine  finom  which  this  figure  was  taken  had  a  cylinder  12  inches 
in  diameter,  a  stroke  of  15  inches,  and  that  the  crank  was  making  60  revolutions  per 
minute,  we  can  readily  calculate  the  effective  power  of  the  engine  thiis : — ^Each  revolu- 
tion of  the  crank  requires  an  up-stroke  and  a  down-stroke  of  the  piston,  or  a  travel 
through  twice  15  inches,  viz.  2|  feet ;  and  as  80  revolutions  are  made  per  minute,  the  pis- 
ton travels  over  80  X  2|  =:  200  feet  per  minute.  Again,  the  area  of  the  piston  12  inches 
diameter  is  113  square  inches,  and  as  this  is  pressed  on  with  an  average  load  of  20  lbs. 
on  every  square  inch,  the  total  pressure  on  it  is  113  x  20  =  2260  lbs.    We  have,  there- 
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fore,  2260  lbs.  moved  oyer  200  feet  per  minute,  equivalsiLt  to  2260  X  200  =  452000  llw. 
mored  over  1  foot  per  minute,  which  gire  qqqqq-  =  13J  horse-power  nearly. 

The  complete  rule  for  finding  the  power  may  therefore  be  thus  stated : — Measure  the 
ordiniites  (at  least  6  or  8  in  number)  contained  within  the  indicator  figure,  sum  then& 
up,  and  divide  by  their  number  for  the  mean  pressure ;  multiply  the  area  of  the  piston 
(in  square  inches)  by  the  mean  pressure  (in  lbs.  per  square  inch)  by  twice  the  length  ot 
stroke  (in  feet)  and  by  the  number  of  revolutions  per  minute,  and  divide  the  product  by 
33000  for  the  horse-power. 

trample, — On  the  indicator  being  applied  to  an  engine,  having  a  cylinder  30  inches 
diameter,  a  stroke  of  4  feet,  and  making  27  revolutions  per  minute,  8  ordinatcs  of  the 
figure  were  found  to  be  respectively  34,  34,  34,  33,  24,  18,  14,  and  9 :  required  the 
power  of  the  engine. 

Sum  of  8  ordinates  :=  200,  which,  divided  by  their  number  8,  gives  25  lbs.  as  the 
mean  pressure. 


Area  of  cylinder,  30  ins.  diameter 
Multiply  by  mean  pressure 

.    =    707  square  inches. 
.        .              25  lbs. 

Total  m^an  pressure  on  piston  . 
Double  the  stroke 

.       17,675  lbs. 
8  feet 

Number  of  revolutions      • 
Divide  by          .... 
Horse-power     .        .        •        • 

141,400 

27  per  minute. 

33,000)  3,817,800 

.        .            115J  nearly. 

But  in  making  these  calculations,  it  must  not  be  forgotten  that  we  only  reckon  tha 
force  with  which  the  piston  moves.  In  communicating  this  force  to  the  crank-shaft, 
and  thence  to  the  machinery  driven  by  the  engine,  there  are  losses  from  friction  and 
other  causes  for  which  some  allowance  must  be  made.  The  piston  rubs  along  the 
surfSuje  of  the  cylinder,  its  rod  rubs  through  the  stuffing-box;  so  with  the  sUde.  The 
end  of  the  piston-rod  rubs  on  the  guides,  which  save  it  from  yielding  to  the  oblique 
action  of  the  connecting-rod ;  the  connecting-rod  eyes  rub  on  their  pins,  the  crank- 
shaft rubs  in  its  bearings,  the  eccentric  and  its  rod  also  present  rubbing  surfaces,  the 
fly-wheel  encounters  considerable  resistance  of  air  to  its  rotation,  and  the  feed-pump 
demands  power  fox  its  working.  All  these  resistances  vary  with  the  conditions  of  the 
nibbing  surfaces,  the  accuracy  or  inacoiiracy  of  their  fitting,  their  state  of  lubricatioBy 
and  other  circumstances;  so  that  it  is  difficult  to  state  any  constant  deduction  to  be 
made  from  the  calculated  power  on  account  of  them.  An  engine  in  a  very  good  state 
should  thus  waste  not  more  than  ith  to  i^th  of  its  power,  while  one  in  a  bad  state  may- 
lose  as  much  as  ird.  It  may  generally  be  fur  to  reckon  the  loss  at  ith  or  ith  of  the 
calculated  power.  Thus,  in  the  example  given,  the  calculated  power  being  115}^  we 
take  the  real  power  about  90,  deducting  rather  more  than  ith  for  losses. 

The  indicator  figure  is  not  only  a  measure  of  power,  it  is  also  a  picture  of  defects, 
and  may  often  frimish  useful  hints  as  to  the  proper  mode  of  improving  the  action  of  the 
engine.  If  A  B  (Fig.  201)  represent  the  stroke,  F  H  a  line  drawn  at  a  distance  A  F 
bebw  eqdal  to  15  lbs.,  and  if  we  suppose  steam  at  30  lbs.  above  atmospheric  pressuxe 
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is  admitted  to  the  cylinder  daring  half  the  stroke,  then  suddenly  cut  off,  we  draw  A  C 
=  30  lbs.,  0  D  half  the  stroke;  take  E  midway  in  P  H,  and  fill  in  the  hyperbolic  curr* 
DE.  Then  will 

t.  a  P 


the  figure  A  C 
B  E  B  repre- 
sent the  best 
possible  effect 
that  could  be 
got  imder  the 
conditions  gi- 
ven; for  the 
straight  line  A 
Crepresentsthe 
sudden  rise  of 
the  pressure 
from  that  of  the 
atmosphere  to 
30  lbs.  aboTe  it 
At  the  begin- 
ning of  the 
stroke ;  the 
straight  line  C 
D  represents 
the      continu- 


6 
Fig.  201. 


ance  of  that  pressure  during  half  the  stroke ;  the  curve  D  E  indicates  the  gradual  reduction 
of  pressure  as  the  steam  enclosed  in  the  cylinder  expands  to  fill  its  increasing  capacity ; 
the  point  E  midway  in  P  H  marks  the  pressure  at  the  end  of  the  stroke,  half  that  at 
the  beginning  or  middle,  because  the  capacity  of  the  cylinder  at  the  end  has  been 
doubled  while  the  quantity  of  steam  within  it  has  remained  constant.  The  straight 
line  E  B  marks  the  sudden  fall  of  the  final  pressure  to  that  of  the  atmosphere  when 
the  exit  port  is  opened ;  and  the  straight  line  B  A  represents  the  constant  resistance  of 
the  atmosphere  to  the  issue  of  the  steam  during  the  return  stroke  of  the  piston.  Such 
might  be  the  theoretical  figure.  The  practiced  figure  inscribed  within  it  must  neces- 
sarily, fall  short  in  some  respects  of  that  which  is  theoretically  perfect.  For  instance, 
at  the  beginning  of  the  stroke,  tlie  port  opening  not  suddenly,  but  gradually,  produces 
a  curved  line  from  E  to  L,  the  piston  having  travelled  some  distance  before  the  full 
pressure  is  attained ;  the  gradual  dosing  of  the  port  or  expansion  valve,  and  some  dimi- 
nution of  pressure  from  the  cooling  of  the  steam,  or  from  leakage  past  the  piston,  are 
indicated  by  the  inclined  line  L  M.  The  cooling  varies  the  expansion  curve  M  Q  from 
the  true  hyperbola,  and  the  gradual  opening  of  the  exit  port  causes  a  curved  turn  from 
Q  to  N  instead  of  a  sudden  drop  E  B.  The  line  0  N  above  the  line  of  atmospheric 
pressure  A  B,  indicates  some  additional  resistance  to  the  issue  of  the  steam  dependent 
on  limited  area,  or  bad  form  of  opening,  or  leakage  from  the  steam  side  of  the  piston, 
and  the  turn  at  0  K  marks  the  gradual  closing  of  the  exit  port  and  opening  of  the  inlet 
port  fDr  the  succeeding  stroke.  A  careful  analysis  of  a  figure  produced  by  an  engine 
not  working  satisfactorily,  will  thus  point  out  causes  of  loss,  and  suggest  means  of 
remedying  them,  by  widening  the  ports,  readjusting  the  eccentric  and  dide,  clothing 
the  cylinder  to  prevent  cooling,  and  such  other  arrangements  as  may  be  found  advan- 
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tageouB.  In  the  hands  of  an  experienced  engineer,  indicator  diagrams  become  highly 
suggestive  of  merits  and  defects,  and  often  famish  more  information  as  to  the  economical 
working  of  an  engine  or  the  reverse,  than  continued  ohseiration  of  its  structure  and 
action  could  supply. 

In  estimating  tiie  power  of  a  non-condensing  engine  without  reference  to  its  indi- 
cator figure,  we  may  generally  make  a  very  near  approximation  to  the  truth  by  the 
following  mode  of  reckoning.  We  assume  the  engine  to  be  in  fair  woridng  order,  and 
fitted  with  an  ordinary  slide,  cutting  off  the  steam  at  about  frds  of  the  stroke ;  that  the 
steam-pipe  is  not  of  great  length,  and  well  clothed  with  non-conducting  material;  that 
the  ports  are  well  proportioned,  and  the  piston  and  slide  tight.  We  farther  suppose  the 
piston  to  travel  at  the  velocity  of  200  feet  per  minute,  which  is  found  to  be  practically 
a  fair  working  rate ;  and  that  a  hoise-power  to  be  effective,  after  all  allowances  for  Mo- 
tion, &c.,  should  be  estimated  at  44,000  lbs.  moved  1  foot  per  minute,  or  220  lbs.  moved 
200  feet  per  minute.  We  observe  the  pressure  in  the  boiler,  and  deduct  from  it  Jth  for 
loss  by  cooling  in  the  steam-pipe  and  expansion  in  the  cylinder,  and  2  lbs.  for  resistance 
to  exit  and  other  losses,  the  remainder  being  reckoned  as  the  mean  effective  pressure. 
Multiplying  this  by  the  area  of  the  piston,  and  dividing  by  220,  we  get  a  fair  estimate 
of  the  power. 

Example, — ^An  engine  having  a  cylinder  30  inches  in  diameter,  is  worked  at  a  pres- 
sure of  36  lbs.  in  the  boiler :  required  its  power. 

From  pressure  in  boiler 36  lbs. 

Deduct  one-fourth 9  lbs. 

And 2  lbs. 11  „ 

Mean  effective  pressure 25 

Multiply  by  area  of  30  inches 707 

Divide  by 220)17675 

Horse-power 80 

In  general  it  is  the  business  of  engineers  to  provide  engines  of  certain  powers  with- 
out special  reference  to  the  pressure  at  which  they  should  be  worked.  By  employing 
very  high  pressures,  the  size,  weight,  and  cost  of  an  engine  are  certainly  reduced ;  but, 
on  the  other  hand,  some  danger  is  incurred,  and  the  tear  and  wear  is  considerable.  By- 
using  very  low  pressures,  again,  the  cylinder  necessarily  becomes  large,  the  engine 
generally  cumbrous  and  heavy,  and  little  advantage  can  be  taken  of  the  expansive  power 
of  the  steam.  We  consider  a  boiler  pressure  of  40  to  50  lbs.  to  be  a  fair  average  on  which 
to  estimate  the  engine-power ;  and  would  suggest  the  following  rules  for  calculating  the 
power  of  a  given  engine,  and  the  diameter  of  cylinder  necessary  to  produce  a  given 
power. 

L  To  find  the  power  of  an  engine  when  the  diameter  of  the  cylmder  is  given. 

Rule, — Divide  the  diameter  (in  inches)  by  3,  and  square  it  for  the  horse-power. 

Example. — Kequired  the  power  of  an  engine  having  a  cylinder  15  inches  in  diameter. 

—  =  5,  and  5  X  ^  =  2£|  horse-power. 

2.  To  find  the  diameter  of  cylinder  necessary  for  a  given  power. 
Rule. — ^Multiply  the  square  root  of  the  power  by  3 ;  the  product  is  the  diameter  of 
the  cylinder  in  inches. 
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£Mmple,'^'WhtLt  should  be  the  diameter  of  a  cylinder  for  100  horse-power  ? 
Square  root  of  100  =  10,  and  3  X  10  =  30  inches. 

The  length  of  stroke  must  depend  on  the  number  of  reyolutions  made  by  the  crank 
in  a  given  time.  It  is  convenient  to  assume  that  the  piston,  in  engines  going  at  a  fair 
average  speed,  shall  travel  over  200  feet  per  minute.  Sometimes  it  moves  at  the  rate 
of  250,  and  even  as  much  as  300  feet  per  minute ;  but,  upon  the  whole,  200  is  a  con- 
venient and  economical  sjpeed.  This  is  the  product  of  twice  the  stroke  by  the  number 
of  revolutions ;  and  hence  its  half^  100,  is  the  product  of  the  stroke  by  the  number  of 
revolutions.  If,  then,  either  the  length  of  stroke  or  the  number  of  revolutions  be  given, 
the  other  may  readily  be  thus  found : — 

1.  Given  the  length  of  stroke  to  find  the  speed. 

BtUe. — ^Divide  100  by  the  stroke  (in  feet),  the  quotient  is  the  number  of  revolutions 
per  minute. 

Example, — ^What  is  the  speed  of  an  engine  having  2  ft.  6  ins.  stroke } 

5JJ-T  =  40  revolutions  per*minute. 

2.  Given  the  speed  to  find  the  stroke. 

Ride. — Divide  100  by  the  number  of  revolutions  per  minute,  the  quotient  is  the 
length  ef  stroke  in  feet. 

Example. — ^What  must  be  the  stroke  of  an  engine  making  35  revolutions  per  minute  ? 

-5T-  =  2*57  feet,  or  about  2  ft.  7  ins. 

The  dimensions  of  the  steam  passages  should  be  proportioned  to  the  area  of  the 
cylinder ;  for  while  the  piston  travels  at  its  quickest  speed,  increasing  rapidly  the  space 
to  be  filled  with  steam,  the  passages  should  admit  the  steam  with  sufficient  velocity  to 
sustain  the  pressure  on  the  retreating  piston.  It  is  found,  practically,  that  the  area  of 
the  steam-pipe  may  be  advantageously  ^^  of  that  of  the  cylinder,  or  the  diameter 
of  the  one  ith  of  that  of  the  other.  Thus,  for  an  engine  having  a  cylinder  30  ins. 
diameter,  the  steam-pipe  should  be  5  ins.  diameter.  When  it  is  intended  that  the  piston 
should  travel  more  rapidly  than  the  average  rate  of  200  feet  per  minute,  the  steam- 
pipe  should  be  proportionally  large.  In  such  cases,  its  diameter  may  be  advantageously 
reckoned  at  ^th  of  the  diameter  of  the  cylinder.  The  ports  which  admit  the  steam  into 
the  cylinder  should  always  present  an  area  of  passage  considerably  greater  than  that  of 
the  steam-pipe,  for  during  a  great  part  of  every  stroke  they  are  partially  closed  by  the 
slide.  The  exhaust-pipe,  which  conveys  the  steam  from  the  cylinder,  should  be  larger 
than  the  steam-pipe ;  for  the  waste  steam  should  be  permitted  to  become  rapidly  ex- 
panded in  voliune,  in  order  that  its  back  pressure  on  the  piston  may  be  diminished  as 
much  as  possible. 

The  size  of  the  feed-pump  should  always  be  greatly  in  excess  of  that  which  is  abso- 
lutely required  for  supplying  the  amount  of  water  boiled  off  in  steam  for  the  engine. 
Occasionally,  the  valves  of  the  pump  leak,  there  may  be  leaks  in  the  boiler,  some  of  the 
water  may  pass  over  in  priming,  and  a  good  deal  may  be  wasted  in  blowing  off.  The 
pump  should,  therefore,  be  capable  of  supplying  at  least  3  times  as  much  water  as  is 
actually  due  to  the  steam  supplied  to  the  cylinder.  The  pump  is  generally  arranged  so 
as  to  make  one  stroke  for  each  revolution  of  the  engine,  or  each  double  stroke  of  the 
piston.  If^  then,  we  take  a  case  where  the  diameter  of  the  cylinder  is  30  inches,  the 
stroke  4  feet,  and  the  average  pressure  30  lbs.  above  that  of  the  atmosphere — ^that  is  to 
say,  the  steam  at  3  atmospheres—we  find  that,  during  each  revolution,  the  cylinder  twice 
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filled  with  steam  uses  a  yolume  of  about  68,000  cable  inchea.    Steam  at  1  atmo^lierB 

of  preasnre  being  about  1600  timea  the  Tolimie  of  water,  Ha  rolnme  at  3  atmoq^iherea  ia 

}rd  of  thaty  or  about  533  times  that  of  water.    The  water  neoessaiy  to  generate  68,000 

cubic  inches  of  steam  at  30  lbs.  pressure,  theiefiire,  amounts  to  128  cubic  inches;  and  as 

the  fioed-pump  should  be  capable  of  supplying  thiice  this  qfuantity,  it  must  deUrer  at 

each  stroke  384  cubic  inches.    Should  we  make  the  stroke  of  the  pump  2  feet,  half  that 

384 
of  the  piston,  its  area  must  be  —  =  16  aquare  inches,  or  its  diameter  4|  inches. 

As  a  general  rule  for  the  dimensions  of  the  &ed-pump  in  non-condensing  engines, 
we  may  offer  the  following : — 

Multiply  the  square  of  the  diameter  of  the  cylinder  (in  inches)  by  the  length  of 
stroke  (in  feet),  diyide  by  90,  and  the  quotient  is  the  product  of  the  square  of  the 
diameter  (in  inches)  of  the  pump,  by  its  length  of  stroke  (in  feet). 

Example. — ^Bequired  the  size  of  the  feed-pump  for  an  engine  haying  a  cylinder 

30  inches  diameter  and  a  stroke  Of  4  feet 

30  \C.  30  X  4 

— ~  g =  40,  the  product  of  diameter  squared  by  stroke.    If  we  take  the 

40 
stroke  of  the  pump  2  feet,  then  -^  =  20  is  the  square  of  the  diameter,  or  the  diameter 

is  about  4}  inches,  because  4}  X  4|  X  2  =  40  nearly. 

Many  treatises  on  the  steam-engine  giye  rules  for  the  dimensions  of  all  the  prin- 
cipal parts  of  an  engine.  We  think,  however,  that  these  rules  are  not  in  many  cases 
practically  ayailable,  because  a  difference  in  general  design  and  arrangement,  or  in 
average  pressure  and  speed,  occasions  very  considerable  variations  in  the  proportions  of 
the  parts.  Careful  study  of  well-made  engines,  and  actual  experience  in  their  con- 
struction and  working,  form  the  true  sources  of  information  as  to  their  due  proportions. 

The  Condeming  Engine  in  ajl  main  points  resembles  the  non-condensing  engine ;  but 
it  requires  some  additional  parts  in  order  that  the  vacuum  produced  by  condensing  the 
steam  may  be  employed  as  a  source  of  additional  power.  If  we  suppose  that  the  steam 
on  leaving  the  bottom  of  the  cylinder,  instead  of  flowing  out  into  the  atmosphere,  which 
resists  its  egress  with  a  pressure  of  15  lbs.  per  square  inch,  were  conducted  into  a  vessel 
totally  void  of  air  or  steam,  this  resisting  force  would  be^  entirely  removed,  and  the 
effect  of  the  steam  pressing  on  the  upper  side  of  the  piston  would  be  increased  by  that 
quantity.  If  the  vacuum  in  the  vessel  were  not  perfect — that  is  to  say,  if  there  were 
contained  in  it  some  rare  fluid,  such  as  air  or  steam,  or  a  mixture  of  both,  greatly 
attenuated,  and  capable  of  pressing  with  a  force  of  only  2  or  3  lbs.  on  the  square  inch — 
the  pressure  of  the  steam  on  the  piston  would  be  increased  by  a  quantity  2  or  3  lbs.  less 
than  15  lbs.  per  square  inch.  Qenerally,  if  we  reckon  the  pressure  of  steam  in  the 
boiler  as  its  absolute  pressure,  not  its  excess  over  the  atmosphere,  and  deduct  the  pros- 
sure  of  fluid  in  the  vacuum  vessel,  the  difference  will  be  the  effective  pressure  on  the 
piston.  Thus,  with  steam  in  the  cylinder  exerting  a  pressure  of  10  lbs.  above  that  of  the 
atmosphere,  or  having  an  absolute  pressure  of  25  lbs.  per  square  inch,  while  the  vacuum 
vessel  contains  a  fluid  pressing  with  a  force  of  2  lbs.  per  square  inch,  the  effective  pres- 
sure on  the  piston  is  25  —  2  =  23  lbs.  per  square  inch.  The  condition  of  the  fluid  in 
the  vacuum-vessel  as  to  pressure  is  generally  measured  by  a  barometer. 

The  upper  part  of  the  vessel  A  (Fig.  202)  is  connected  with  a  glass  tube  G,  about  30 
inches  long,  dippiag  into  a  cup  of  mercury  B.  Were  the  space  in  A  an  absolute 
▼acuimi,  the  atmospheric  pressure  on  the  surface  of  the  mercury  in  the  cup  would  fbnti 
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(he  meieury  up  the  tube  to  the  height  of  about  30  inches,  beeauie  a  eolunm  of  mercury 

30  inches  in  height  presses  with  a  force  oi  15  lbs.  on  the  square  inch.    But  if  A  con-' 

tained  fluid  pressing  with  2  lbs.  per  square  inch,  the 

mefcury  would  attain  a  height  of  only  26  inehes; 

becanse  the  pressure  of  a  column  26  inches  high  is 

13  lbs.,  and  the  additional  2  lbs.  of  fluid  pressure  make 

up  15  lbs.,  the  atmospheric  pressure. 

If;  then,  we  know  the  pressure  of  steam  in  the 
cylinder  (above  that  of  the  atmosphere),  and  tne 
height  of  the  mercurial  column  in  the  barometer,  we 
find  the  effectiTQ  pressure  on  the  piston  by  adding  the 
iteam  pressure  to  half  the  height  (in  inches)  of  the 


JL 


coll 

It  is  remarkable  that  some  of  the  earliest  efforts 
made  for  obtaining  power  from  steam  were  directed 
to  the  construction  of  apparatus  in  which  its  condens- 
ation, as  well  as  its  elasticity,  should  affbrd  the  force 
required.      At  the  end  of  the  17th  century,  Cap-  Fig.  2M. 

tain  Thomas  Sayery  succeeded  in  constructing  an  engine  for  raising  water  by  means  of 
Iteam.  A  vessel  A.  (Fig.  203)  oonneeted  by  a  steam-pipe  and  cock  B  with  a  suitable 
boiler,  communicated  with  a  vertical  water-pipe  C,  in  which  were  fitted  two  valves  D 

and  E  opening  upwards.  Steam  being 
admitted  into  A  forced  out  the  air  con- 
tained in  it  by  the  upper  part  of  the 
water-pipe,  and  occupied  its  place.  The 
steam-cock  B  being  dosed,  and  a  stream 
of  cold  water  made  to  pour  over  A,  the 
,  steam  within  it  became  condensed,  and 

formed  a  partial  vacuum;  the  pressure 
of  the  atmosphere  acting  on  the  water 
at  the  bottom  of  C,  forced  it  up  the  pipe 
through  the  valve  D  and  into  A,  so  as  to 
t  fill  the  void  space.     The  steam-cock 

l>  being   again  opened,   the  pressure  of 

steam  on  the  water  in  A  forced  it  through 
the  valve  E  and  up  the  pipe.  The  vessel 
Awas  thus succeasively  filled  and  emptied 
by  the  alternate  closing  and  opening  of 
the  steam-cock,  and  the  water  riused 
through  the  height  of  the  pipe  C. 

A  few    years  afterwards,   Thomas 

Newcomen  applied  steam  to  give  motion 

to  a  piston  in  a  cylinder.    The  eylinder- 

A  (Fig.  204),  communicated  by  a  pipe 

p{g.209,  and  cock  B  with  a  boiler  generating 

steam  at  low  (or  nearly  atmotqiheric)  prosnre.    A  piston  C,  fitting  the  cylinder,  was 

connected  by  a  chain  with  one  end  of  a  beam  or  lever  D,  to  the  other  end  of  which 

E  was  attached*  a  pump-rod  with  a  heavy  weight  F.     The  ends  of  the  beam  were 

VO-L.  IX. ^ ^^_ ^  E 
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made  arcs  of  drdea,  ao  that  while  the  ohaina  were  wound  on  them  or  unwound  ftm 
tkem,  the  piaton  and  pumfHrod  might  move  in  straight  lines.    Steam  being  admitted 

into  the  cylinder  { 
Mow  the  pistov 
00  as  to 
Ihe 

presBOre  on  its  up- 
per surface,  the 
weight  F  caaeed 
it  to  aacfeBd^  and 
when  it  reaehed 
ihetofy  the  steam' 
oock  was  doaedy 
and  a  water-cock 
Or  was  opened  t» 
admit  a  jet  of  iv 
ter  into  the  nudal 
Of  the  steams  The 
eoldnesB  el  the 
water  rapidly  000' 
dsnsed  tbe  steamy 
.     ^  mM  formed  a  pa^ 

'«-'^-  t&Itacomnbeloir 

the  i^isfon,  &id  tbe  a'&noepileric  pressure  fon^  if  ^oWn  fo  t&e  bottotit,  riacynf  the 
weight  F.  The  water-cook  being  now.  cloeed,  and  the  steam-  oock  opened,  the  asoenf  of 
the  piston  was  repeated. 

NumeroiiB  invent(ws  eontHbnted  to  the  improyement  of  KeWoomeft's  engine,  anrf 
about  the  tiegini^g  of  Ihe  ISth  eeatrtty  it  had  become  a  {ttaoticaUy  useful,  but  not 
ecomMMicid  appaflttus  for  {>timpilig.  The  prindpail  objection  to  the  use  of  thi^  as  weD  aa 
of  lottery's  engine,  consisted  in  the  cinstunstance  that  the  altearnated  flow  of  cold  wttter 
hito  the  steam-oyiiMer  eodbd  it  down  and  greatly  dfftiTniahe^  the  force  of  the  steaai  as 
jt  entered,  a  Ifreaf  portion  of  ha  heat  being  inetfectirely  expended  on  the  cold  metal  of 
the  cylinder.  It  was  resenred  for  the  flluatriotKS  James  Watt,  shortly  after  the  middle 
of  last  oentory^  to  introduce  those  improvements  in  the  arrangemetft  and  oefistrtEcfionof 
the  Bteatt*«akgin«/  Which  have  rendered  it  the  most  useful  and  economical  of  all  knovn 
muroes  of  power,  fiis  principal  improfement  ott  ]^ewcomen's  engine  Was  the  ase  of  a 
sepwate  Tottiel  for  condensing  the  steam,  witll  ttn.  air-pump  for  removing  the  water  of 
eondensatiot:  Mai  the  air  libeYiited  troin  the  Water*  But  his  ingenuity  iras  hkewin 
devoted  tb  tiie  improvement  of  etery  detail  of  arrangement  and  oonstmction;  and, 
having  foimd  the  steam-engine  in  maAy  resp«ets  rude,  ineffective,  amd  eostly  in  ita 
working,  he  left  it  an  a^piaratus  as  nearly  perfect  as  any  humaA  UroA  can  be.  Sinee 
his  time,  ohanget  have  been  made  in  the  arrangements  of  the  pa^  to  suit  peculiar  dr- 
oumstanoes  of  operation^  and  new  forms  have  been  detlsed  for  part^ctdltr  purpoees ;  but  in 
aU  their  leading  feataresy  the  steam-enghies  of  the  prese&t  day  axe  esaeiitially  the  iH:oducti 
of  Watf  s  fertile  genius.  The  cobdensSng  engiA^  as  improved  by  Watt,  is  of  two  kinds  :— 
SmffUtLcHnp^  where  the  steam  is  penantted  to  pnes  on  one  side  of  the  piston  only) 
80  as  to'  cause  it  to  make  m  smgle  stroke  f  the  return  stroke  beingeflected  by  a  oe1ttte^ 
balance  weight. 
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Jhuble-acUngy  where  the  steam  presses  altematelf  on  ecah  8i<lo  of  the  piSwou,  ana  it 
reciprocating  movement  is  converted  by  a  crank  into  rotary  motion. 

The  single-acting  engine  is  well  suited  for  sttch  an  operation  as  pnmping,  where  the 
reciprocating  movement  of  the  pnmp-bucket  corresponds  With  that  of  the  piston.  The 
double-acting  engine^  again,  is  adapted  for  driving  machinery.  In  both  these  kinds  of 
engine,  where  the  steam  is  condensed,  thel^B  are  re^^nired  a  condenser  and  an  air-pimip, 
wMch  we  will  now  describe. 

The  condenser  is  a  vessel  B  (Fig.  20d),  generaDy  made  of  about  \Qi  of  the  capacity 
of  the  steam-cylinder,  With  which  it  communicates  by  the  pipe  D.  The  steam,  afte» 
acting  on  the  pis« 
ton,  instead  of 
escaping  into  the 
atmosphere  as  in 
non  -  condensing 
engines,  flows  by 
this  pipe  into  the 
condenser,  which 
IB  placed  in  a  cis« 
tern  of  cold  water, 
and  has  a  pipe  and 
cock,  I,  for  the  ad- 
mission of  a  jet  of 
cold  water  to  con- 
dense the  steam. 
This  jet  is  called 
the  ififeetion,  and 
r  its  quantity  is  re- 
gulated by  means 
of  thecock,  worked 


Ilg.909. 


by  a  rod  passing  upwards,  With  A  handle  in  some  place  convenient  for  the  atten- 
dant. The  bottom  of  the  condenser  communicates  by  a  passage,  fitted  with  a  valve  G, 
with  the  air-pump  A.  The  bucket  or  piston  P  of  tlie  air-pump  is  fitted  with  valves 
opening  upwards,  and  id  moved  upwards  and  downwards  by  a  rod  connected  with  some 
part  of  the  engine,  and  passing  through  a  stuffing-box  in  the  air-pump  cover*  Kear  the 
top  of  the  air-pump  there  is  si  passage  Q,  fitted  with  a  discharge  valve  opening  into  the 
hot-well  K,  from  which  the  feed- water  is  pumped  to  the  boiler,  the  overplus  or  waste 
being  discharged  by  A  waste-pipe.  The  cistern  in  which  the  condenser  and  air-pump 
are  placed  id  kept  constantly  filled  with  cold  water  by  a  pump  called  the  eold-water 
ffumpy  supplying  it  by  a  pipe  "^  at  the  bottom,  while  tJie  heated  water  overfiows  by  a 
suitable  waste-pipe.  While  the  steam  from  the  cylinder  flows  into  the  cold  condenser, 
and  meets  the  cold  water  difiitsed  thlt)ugh  it  by  the  injection  jet,  it  becomes  condensed 
into  water,  and  faBs  with  the  injection- water  to  the  bottom,  occupying  very  little  volume 
compared  with  that  which  it  occupied  whfle  in  the  state  of  steam,  and  leaving  the  space 
of  the  condenser  a  partial  vacuum.  But  water  always  contains  a  quantity  of  air 
mingled  with  it,  which  passes  over  with  the  steam  from  the  boiler  to  the  cylinder,  and 
thence  to  the  condenser,  and  the  injection- Water  also  parts  with  a  portion  of  the  air  it 
contains,  so  that  after  a  time  the  condenser  would  become  filled  with  the  air  so  liberated, 
and  the  Water  of  injection  and  condensation,  unless  means  were  taken  to  remove  theii^ 
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As  the  air-pump  bucket  deaceuclsy  the  dischaxge-yalye  Q  being  closed^  prevei]^  any  air 
or  wa:^^r  from  entering  the  space 'left  by  the  descent  of  the  bucket;  but  when  it  hafi 
reached  the  bottom  apd  begins  to  ascend,  the  bottom-Yalye  E,  and  the  bucket-yalyes  P 
permit  the  air  and  water  &om  the  condenser  to  flow  into  ihiA  space.  On  the  ascent  of 
the  bucket,  the  bucket-valves  P  are  closed  by  the  pressure  o£^  and  water  above  them, 
and  the  contents  of  the  pump  axe  discharged  through  the  valves  Q  into  the  hot*weU, 
Thus  by  the  alternate  descent  and  ascent  of  the  air-pump  bucket,  when  iti  capacity  and 
the  amount  of  injection  are  properly  proportioned,  almost  a  perfect  vacuum  is  main> 
tained  in  the  condenser ;  and  the  effective  pressure  of  the  steam  on  evory  square  indt  of 
the  piston  is  increased  by  nearly  15  lbs.  above  that  which  it  would  be  wero  the  steam 
permitted  to  escape  uncondensed  into  the  atmosphere. 

The  condenser  is  generally  fitted  with  a  bhw-vahe  H,  which  oomes  into  play  on 
starting  the  engine  thus.  The  engine  having  been  stopped,  the  condenser  and  air-pump 
may  have  become  quite  filled  with  water  through  the  injection-cock ;  and  on  starting^ 
.  the  engine,  again,,  no  vacuum  could  be  produced  while  they  are  thus  water-logged.  But 
by  opening  a  small  valve  called  the  hhw^ikrenffh  ifohe^  a  commimieation  is  made 
between  the  steam-pipe  from  the  boiler,  and  the  eductlon">pipe  leading  from  the  cylinder 
to  the  condenser.  The  pressure  of  the  steam  in  the  boiler  is  thus  brought  to  bear  on 
the  water  in  the  condenser,  and  forces  it  out  by  the  blow-vahe  H,  the  steam  occupying 
its  place.  On  shutting  the  blow-through  valve  and  opening  the  injection-cock,  the 
steam'  in  the  condenser  is  condensed  and  a  vacuum  formed,  so  that  the  engine  may  be 
started.  As  long  as  there  is  even  a  partial  vacuum  in  the  condenser,  the  atmospheria 
pressure  on  the  blow- valve  keeps  it  closed. 

The  'bottom -valve,  bucket -valves,  and  discharge -valves  of  the  air-pump,  are 
frequently  made  of  vulcanized  caoutchouc  sheet,  cut  into  discs  and  laid  over  gratings. 
Water  or  air  forced  through  the  perforations  in  the  gratings,  raise  the  flexible  discs  of 
caoutehouc,  and  pass  round  their  edges ;  but  neither  air  nor  water  can  return,  for  the 
atmospheric  pressure  forces  the  caoutchouc  discs  firmly  down  on  the  grating  and 
thereby  effectually  closes  their  op^ngs. 

It  is  a  peculiar,  property  of  all  vapours,  that,  besides  their  sensible  heat^  or  the 
temperature  to  which  they  raise  the  thermometer,  they  contain  a  great  amount  of  latent 
heat,  not  measured  by  the  thermometer,  but  by  its  effect  when  the  condition  of  the 
vapour  is  changed.  The  latent  heat  of  steam,  when  its  temperature  or  sensible  heat  is 
212'',  is  estimated  to  be  about  1000°.  This  does  not  mean  that  ^e  latent  heat  could 
raise  a  thermometer  1000°,  but  simply  that  a  pound  of  steam  at  212°  being  condensed  by- 
its  mixture  with  1000  lbs.  of  water  at  any  temperature,  such  as  60°,  could  raise  th^ 
temperature  of  the  whole  mass  of  water  1°.  In  other  words,  if  it  were  found  that  the 
combustion  of  a  certain  weight  of  fuel  could  raise  the  temperature  of  a  given  mass  of 
water  ftom  211°  to  212°,  it  would  require  1000  times  that  quantity  of  fuel  to  convert 
the  water  into  steam,  having  still  the  sensible  temperature  of  212*^.  This  great  latent 
heat  is  something  essential  to  the  condition  of  water  in  a  state  of  vapour,  for  as  soon,  as 
any  portion  of  it  is  removed  by  bringing  the  steam  into  contact  with  a  cold  substance^ 
a  part  of  .the  steam  is  immediately  condensed  into  water;  and  the  remainder  expanding 
to  fill  the  space  thus  left  void,  loses  density  and  pressure  as  it  gains  volume.  In  esti- 
mating the  quantity  of  injection-water  necessary  for  condensing  the  steam  of  an  engine, 
we  must  therefore  bear  in  mind  that  it  is  not  alone  the  sensible  temperature,  but  also 
the  latent  heat  of  the  steam  which  we  have  to  absorb  by  the  cold  water  injected.  Let 
us  assume  that  1  cubic  foot  of  water,  having  been  converted  into  steam  in  the  boiler. 
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and  having  acted  on  the  piston  in  the  cylinder,  flows  into  the  condenser  at  a  tempera '■ 
ture  of  212^,  and  containing  1000"  of  latent  heat,  and  that  it  there  mingles  with  a  quan- 
tity of  water  at  62''  sufficient  to  condense  it  and  produce  an  ultimate  temperature  of 
112**  throughout  the  mixture.  The  total  heat  of  the  steam  being  1212",  has  to  be 
reduced  to  112°^that  is,  the  steam  has  to  lose  1100*  of  temperature;  the  injection 
water  entering  at  62'  and  being  raised  to  112**  has  to  gain  60".  The  quantity  of  injec* 
tion-water  must  therefore  be  22  cubic  feet,  for  22  cubic  feet  raised  50"  are  equivalent  to 
1  cubic  foot  reduced  1100",  because  22  X  60  ^  1100. 

The  temperatures  we  haye  assumed  are  such  as  would  frequently  occur  in  prac- 
tice ;  and  generally  it  will  be  found  that  the  quantity  of  injection-water  required  for 
an  engine  is  from  16  to  25  times  the  quantity  required  for  feed. 

The  capacity  of  the  air-pump  is  generally  ith  of  that  of  the  cylinder,  the  stroke 
being  usually  |,  and  the  diameter  |  that  of  the  cylinder.  The  pow^  necessary  to  work 
the  air-pump  of  a  condensing  engine  is  about  i^tii  of  <he  total  power. 

The  indicator  applied  to  a  condensing»engine  produces  a  figure  similar  to  those  we 
have  already  discussed.  But  as  during  one  stroke  of  the  piston  the  communication  to 
the  condenser  is  open,  the  pencil  traces  a  line  below  that  of  atmospheric  pressure. 
Thus  if  A  (Fig.  206}  be  the  line  of  atmospheric  pressure^  another  line  B,  drawn  at  the 
pressure  of  16  lbs.  below  A,  would  be  the  line  of  absolute  vacuum,  or  of  no  pressure. 
The  lower  limb  of  the 
figure  would  more 
nearly  approach  thiB 
line,  the  more  perfect 
the  vacuum  in  the 
condenser.  The  area 
of  the  figure  represents 
the  power  during  a 
stroke ;  and  the  mean 
effectiTe  pressure  is 
found  by  taking  the 
average  of  the  lengths 
of  numerous  ordinates 
drawn  within  the 
figure  as  before. 

Kon  -  condensing 

engines  are  generally  of  the  form  called  heam-engiiM,  The  piston-rod  does  not  act 
directly  on  the  crank  in  the  case  of  the  double-acting  engine,  nor  on  the  pump  in  the 
case  of  the  single-acting  engine,  but  on  one  end  of  a  lever  or  beam,  working  on 
central  bearings,  from  the  other  end  of  which  the  crank  or  pump  is  worked  by  a 
connecting-rod.  By  jointed  rods  connected  with  pins  on  the  beam,  the  air-pump  is 
worked  with  half  the  stroke  of  the  piston ;  the  feed-pump  and  the  cold-water  pump  are 
also  worked  with  their  proper  strokes.  As  the  piston-rod,  and  also  the  air-pump  rod, 
pass  through  stufllng-boxes  in  the  cylinder  and  air-pump  covers  respectively,  and  must 
therefore  move  in  straight  lines,  while  the  parts  of  the  beam  to  which  they  are  con- 
nected vibrate  in  oiroular  arcs,  some  arrangement  is  required  for  controlling  the  motion 
of  the  rods  so  that  it  ahall  not  partake  of  the  circular  vibration.  This  could  be  effected 
by  making  them  slide  between  rectilineal  guides,  but  not  without  considerable  friction 
and  some  difilculty  in  amnging  the  guides  in  a  suitable  manner.    We  are  indebted  to 


Fig.  206. 
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Watt  for  a  rimple  and  elegant  manner  of  effecting  tliia  object  by  thfl  api«ratui  called 

ihe  parallel  tnotion.  ,      .       .      .      i  -n  -n-n 

If  A  D,  and  B  C.  (Fig.  207)  be  two  equal  levers  vibrating  m  circular  arcs  JJi  1)  U» 
Ci  C  C,  respectively,  their  extremities  being  connected  by  a  rod  Di  Ci,  it  will  be  fbnnd 
that  £,  the  middle  point  of  this 
rod,  moves  from  Ei  to  E,  in  a  lino 
▼hich  is  very  nearly  straight. 
Again,  if  P  G,  one  of  these  levers, 
be  prolonged  to  H  bo  as  to  be  doubly 
the  length,  and  a  parallelogram 
O  H  M  L  be  formed  of  jointed 
rods  so  timt  F  K  andL  are  always 
in  one  straight  line,  then  K  beiag 
controlled  so  as  to  move  in  a 
straight  line  ctr  nearly  so,  L  will 
also  move  in  nearly  a  straight  line. 
Applying  this  principle  to  the 
beam  of  an  engine,  K  is  the  point 
to  which  the  air-pump  rod  is  con» 
nected,  and  L  that  \o  which  the 
piston-rod  is  connected;  6  M  and 
H  L  are  called  parallel  ntotion 
links^  and  M  N,  the  subsidiary 
lever  which  controls  the  movement 
of  K,  is  called  the  radma  rod. 
In  the  case  of  single-acting  en« 
gines,  where  the  end  of  the  beam 
opposite  to  that  worked  by  the 
piston  works  a  pump,  a  parallel 
motion  is  also  fitted  there  to  give 
rectilineal  motion  to  the  pump- 
Tod. 

Xn  mame  engines,  where  it  is 
desirable  to  keep  the  weight  as 

low  as  possible,  the  arrangement  of 

beam  is  different.    Instead  of  one 

beam  above  the  cylinder  and  crank, 

two  beams  are  fitted  below,  one  on 

each  side  of  the  cylinder,  and  the 

parallel  motion  employed  in  that 

case  is  somewhat  different  from  that  which  we  have  described,  although  th«  pnatxfixt 

embodied  are  very  similar. 

The  alternate  movements  of  the  steam  to  and  from  the  opposite  ends  of  the  cylinder 

are  effected  in  condensyig  engines  in  the  same  manner  as  non-condenaing  engines,  by  a 

slide  worked  by  an  eccentric,  or  by  valves  worked  by  cams.    In  single-acting  engiM* 

valves  are  generally  employed,  and  they  are  worked  by  levers  struck  by  pins  or  tappets 

fixed  to  the  air-pump  rod,  as  it  ascends  and  descends  along  with  the  piston. 

The  single-^actii^  beam-engine  is  almost  exclusively  employed  for  pumping.   Tha 


Fig,  107. 
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form  of  engine  most  commonly  used  for  this  purpose  is  what  is  called  the  Cornish 
engine,  hecause  at  the  mines  in  Com\rall  these  engines  have  been  employed  with  great 
economy  and  efELciency  for  draining  to  great  depths. 

The  steam  is  admitted  abore  the  piston  at  considerable  pressure,  and  the  supply  is  cut 
off  when  the  piston  has  performed  a  small  part  of  its  dowu-stroke^  se  that  the  rest  of  its 
stroke  is  effected  by  the  expansion  of  the  steam.  When  the  piston  has  reached  the  bottom 
of  the  cylinder,  the  steam  is  permitted  Hb  pass  from  its  upper  to  its  lower  side,  so  that  it 
does  not  press  it  in  either  direction,  but  the  weight  of  the  pump-rods  at  the  other  end  of 
the  beam,  loaded  if  necessary  with  additional  weight,  causes  the  piston  again  to  ascend 
to  the  top  of  the  cylinder.  The  steam  is  again  admitted  above  the  piston,  while  that 
which  is  below  it  flows  into  the  condenser ;  and  t!hus  the  alternation  is  continued,  the 
;iralyes  which  control  the  moyements  of  the  steam  beiug  worked  by  levers  and  tappets 
firom  the  air-pump  rod. 

Fig.  208  represents  a  doublcoacting  condensing  beam-eugine  working  a  crank. 
Sere  the  weight  of  the  piston  and  air-pusip  bucket  and  their  rods  at  one  end  of  tht 


'^^^^^m0^mmM^^ 


Fig. «». 
beam  is  balanced  by  that  of  the  connecting-rod  at  the  other  end,  and  the  steam  is  alter- 
lately  admitted  by  the  slide  to  the  upper  and  lower  sides  of  the  piston,  and  thenoa  to  the 
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condenser,  bo  that  each  end  of  the  beam  is  alternately  pushed  upwards  and  pulled  donm- 
v'uids  by  the  pressure  on  the  piston.  A  the  steam-pipe  from  the  boiler,  supplying  steam 
to  the  slide-jacket  or  space  round  the  slide  B.  C  the  cylinder  fitted  with  piston,  and 
piston-rod  connected  to  one  end  of  the  beam  M  by  the  parallel  motion  L.  £  the  con* 
denser,  communicating  with  the  slide^jachet  by  the  eduction-pipe  D.  F  the  injection- 
cock,  admitting  water  into  the  condenser  by  a  jet  from  the  cold  cistern  in  which  it  is 
placed.  G  the  air-pump,  worked  by  a  rod  from  the  parallel  motion,  and  discharging 
into  the  hot-well  H,  in  which  is  placed  the  feed-pump  worked  by  a  rod  from  the  beam^ 
so  as  to  draw  water  from  the  hot- well  and  propel  it  by  a  feed-pipe  to  the  boiler.  K  the 
cold-water  pump,  worked  by  a  rod  fix)m  the  beam,  drawing  water  from  a  well  or  stream ^ 
and  supplying  the  cold  cistem  for  condensation.  N  the  connecting-rod,  worked  frx>ni 
one  end  of  the  beam,  and  giying  rotary  motion  to  the  crank  0.  P  the  fly-wheel,  fixed 
on  the  crank-shaft,  and  revolving  with  it,  with  the  necessary  momentimi  for  bringing; 
the  crank  over  the  dead  centres,  or  highest  and  lowest  points  of  its  revolution,  where  the 
(Jonnec ting-rod  is  ineffective  to  turn  it.  Q  the  governor,  caused  to  revolve  by  a  strap  or 
band,  and  suitable  glaring  connecting  it  with  the  crank-shaft.  The  steam-pipe  A  is 
fitted  with  a  throttle-valve  connected  with  the  governor  by  levers  and  rods,  so  that  the 
velocity  of  the  engine  is  controlled  by  the  throttling  of  tlie  steam,  as  already  described* 

Fig.  209  represents  a  condensing  marine  engine  suited  for  driving  paddle-wheels. 
A,  the  slide-jacket  supplied  with  steam  from  the  boiler.    B,  the  cylinder  fitted  with 


Fig.  209. 

piston  and  rod.  C,  the  piston  cross-head,  from  the  ends  of  which,  side  rods  descend  on 
each  side  of  the  cylinder  to  the  extremities  of  two  side  beams  D.  H,  the  condenser 
supplied  with  injection- water,  by  the  injection-pipe  and  cock  I,  passing  through  the 
chip's  bottom.    £,  the  air-pump,  worked  by  side  rods  from  pins  in  the  -side  beams  J^ 
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and  discharging  into  the  cistern-head  L,  whence  the  supply  of  water  for  feed  is  drawn^ 
and  from  which  a  discharge-pipe  conyeys  the  waste  water  through  the  ship's  side  into 
the  sea.  E,  the  cross-head  of  connecting  rod,  connected  by  side  rods  at  each  end  to  the 
beams  D.  F,  tlie  connecting  rod,  causing  the  revolution  of  the  crank  G,  on  the  shaft  of 
which  is  fixed  the  paddle-wheel.  M  is  a  parallel  motion  for  constraining  the  cross-head 
C  to  move  in  a  straight  line.  The  feed-pump  is  generally  placed  on  one  side  of  the 
air-pump,  and  a  bilge-pump  (for  emptying  the  bottom  of  the  vessel  of  water  leaking 
into  it)  on  the  other^  both  being  worked  by  the  cross-head  which  moves  the  air«pump 
bucket.  The  general  arrangement  of  the  marine  engine  is  such  as  to  keep  the  principal 
freight  at  as  low  a  level  as  possible,  lest  the  stability  of  the  vessel  should  be  endangered 
by  too  much  weight  above  the  .floating  line.  These  engines  are  generally  in  duplicate^ 
placed  side  by  side  longitudinally  in  the  vessel,  the  crank-shafts  working  the  paddle* 
wheels  being  laid  transversely. 

The  conditions  of  a  marine  engine  isuited  for  driving  a  screw-propeller,  differ  con- 
siderably from  those  of  the  engines  we  have  hitherto  described.  The  shaft  of  the  screw- 
propeller  is  necessarily  at  a  low  level,  and  Ues  longitudinally  in  the  vessel  to  which  it 
is  fitted,  and  it  must  be  made  to  revolve  at  considerable  velocity.  When  this  system  of 
propulsion  was  first  tried,  it  was  usual  to  employ  ordinary  marine  engines  placed  trans- 
versely in  the  vessel,  and  to  fit  on  their  shaft  a  large  cog-wheel,  driving  a  pinion  on 
the  shaft  of  the  screw-propeller  below  it.  By  this  arrangement  the  low  level  of  the 
latter  was  secured,  as  well  as  its  high  velocity ;  but  the  weight,  bulk,  shake,  and  noise 
of  the  toothed  gearing  were  found  objectionable.  Screw-propeller  engines  are  generally 
made  now  with  very  short  stroke,  so  that  the  number  of  strokes  made  in  a  given  time 
is  much  greater  than  in  ordinary  engines  of  equivalent  power.  The  cylinders  and  air« 
pumps  are  axranged  horizontally ;  and  the  piston-rods  act  on  the  cranks  placed  at  a  low 
level,  without  the  intervention  of  side  beams. 

Combined  Engmet  are  those  which  embody  the  principles  of  both  the  condensing 
and  non-condensing  engines.  In  these  a  small  cylinder  and  a  large  cylinder  are  placed 
side  by  .side,  and  their  piston-rods  are  connected  so  as  to  work  together.  High-pressure 
steam  admitted  to  the  small  cylinder,  works  its  piston  as  in  a  non-condensing  engine ; 
but  instead  of  being  fiermitted  to  escape  into  the  atmosphere,  is  conveyed  to  the  larger 
cylinder,  in  which  it  expands  to  greater  Tolume  but  lower  pressure,  and  acts  on  a  greater 
area  of  piston.  Thenoe  the  expanded  steam  flows  into  a  condenser,  as  in  the  oitiinary 
condensing  engine. 

This  arrangement  gives  the  opportunity  of  securing  a  large  amoimt  of  useful  ioffect 
from  the  steam,  and  thereby  economizing  fnel  in  the  boiler.  If  we  suppose,  for  ex- 
ample, that  steam  with  an.  absolute  pressiire  of:  75  lbs.  is  admitted  into  the  smaller 
cylinder  during  Jth  of  th^  stroke,  and  allowed  to  expand  during  the  remainder  of  the 
stroke,  its  final  pressure^  allowing  for  a  little  loss  by  cooling,  will  be  about  18  lbs.,  and 
the  mean  pressure  th^ughout  the  stroke  will  be  about  42  lbs.  The  steam  at  18  lbs. 
being  now  admitted  into  the  larger  cylinder  during  |  the  stroke,  will  have  a  final 
pressure  of  about  S  lbs.,  and  a  mean  pressure  of  about  13  lbs.  throughout  the  strokes. 
The  back  pressor  of  rarefied  air  and  vapour  in  the  condenser  may  average'  2  lbs« 
throughout  the  stroke,  and  the  mean  efiective  pressure  on  the  larger  piston  would  then 
be  13  —  2  =£  il  lbs.,  while  that  on  the  smaller  is  42  —  13  =  29  lbs.  per  square  inch 
.Now,  if  the  aarea  of  the  small  piston  be  to  that  of  the  large  in  the  proportion  of  11  to 
29,  the  total  mean  pressure  on  each  will  be  alike ;  and  the  power  of  the  engine  %ill  be 
double  that  of  either,  with  an  expenditure  of  steam  at  76  lbs.  pressure,  or  60  lbs.  above 
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th»t  of  the  atmosphere,  oaly  safficient  to  fill  ^th  of  the  capacity  of  the  smaller  cylindeF* 
By  cutting  off  at  an  earlier  period  of  the  stroke,  and  using  a  still  larger  second  cyUnder, 
still  greater  economy  of  steam  may  be  attained. 

In  determining  the  power  of  a  condensing  engine,  it  is  necessary  to  know  the 
pressure  of  the  steam  employed,  the  amount  of  vacuum  produced  in  the  condenser,  the 
size  and  velocity  of  the  piston,  and  the  yarious  losses  of  force  occasioned  by  the  Motion 
of  the  machinery,  and  the  resistance  of  the  air-pump,  feed-pump,  and  cold*  water  pump. 
^MMiming  that,  generally,  the  speed  of  the  piston  is  about  200  feet  per  minute,  and  that 
(the  pressiu^  in  Uie  boiler  does  not  exceed  6  or  6  lbs,  per  square  inoh  above  that  of  the 
atmosphere,  we  may  take  the  following  rule  as  to  power : — 

Given  the  diameter  of  the  cylinder  to  find  the  power. 

£ul0, — ^From  the  diameter  (in  inches)  subtract  6,  square  the  remainder,  and  divide 
by  20  for  the  power. 

Example.— What  is  the  power  of  a  eondensing  engine  having  a  cylinder  64  inches 

'^«*«'  6t-6  =  48,and^i^=ll6lu,n».poTer. 

Given  the  power  to  find  the  diameter  of  the  cylinder. 

Jttds.'—To  the  square  root  of  20  times  the  power  add  6,  for  th9  diameter  in  inches. 

JSssanyale, — Bequired  the  diameter  of  cylinder  for  115  horse^power. 

20  X  115  =  2300,  square-root  =  48  nearly,  and  48  -^-  6  =  54  inches. 

These,  however,  merely  furnish  rough  guesses  at  the  power  of  any  engine.  The 
proper  method  of  ascertaining  the  real  power  is  to  apply  the  indicator,  when  the  engine 
is  only  moving  itself,  so  as  to  ascertain  the  power  necessary  to  overcome  the  friction 
and  resistance  of  its  working  parts ;  and  to  deduct  this  quantity,  with  some  allowance 
for  additional  strain,  from  the  power  indicated  when  the  engine  is  in  fiill  woric.  No 
definite  rule  can  be  offered  for  estimating  these  allowances,  as  varieties  in  construction 
imd  workmanship  introduce  great  diffbrenoes  among  experimental  results.  In  general, 
it  is  safe  to  reckon  not  more  than  {ths  of  the  indicated  power  as  really  effective  to  move 
machinery,  the  remaining  Jth  being  absorbed  in  friction  and  moving  the  pumps. 

&otajy  SsigliMS. — In  all  steam-engines,  except  those  that  are  single  acting,  a  good 
deal  of  mechanism  is  necessary  in  order  to  convert  the  reciprocating  rectilineal  motion 
of  the  piston  into  the  continuous  circular  motion  of.  the  crank.  It  has,  therefore,  been 
a  great  object  with  many  mechanics  to  devise  a  rotary  engine,  or  one  in  which  the 
steam  pressure  shall  at  once  give  tbe  required  rotary  motion,  without  the  intervening 
machinery  of  connecting-rod,  beam,  parallel  motioii,  and  crank.  Many  of  the  arrange- 
ments devised  for  this  purpose  present  great  ingenuity,  snd  it  u  not  improbable  that 
pome  may  prove  ultimately  snccessful;  bi^t  hitherto  no  rotary  engine  has  proved  so  far 
satis&ctory  as  to  warrant  its  adoption  in  the  place  of  those  already  in4itse. 

A  singular  error  regarding  rotary  steam-engines  has  crept  into  some  of  the  best 
books  on  the  subject;  and  as  it  is  calculated  to  discourage  inventors  who  may  apply 
themselves  to  devising  .engines  of  this  kind,  we  will  endeavour  to  point  it  out.  It  is 
asserted  that  steam  applied  to  give  direct  rotary  motion  to  a  piston  is  less  effective,  or 
loses  part  of  the  power  which  it  would  produce  if  applied  to  move  a  piston  in  a  strait 
line.  If  we  suppose  £  D  (Fig.  210)  to  be  a  piston  fitted  to  an  annular  cylindrical 
vessel  B  G  A  F,  so  that  it  may  be  moved  round  the  centre  G  by  the  pressure  of  steam 
admitted  behind  it,  we  have  to  ascertain  whether  a  certain  quantity  of  steam  applied  to 
a  piston  thus  arranged  will  generate  as  muoh  power  as  it  would  produce  when  applied 
tp  »  piston  VOL  t}ie  orduiary  way.    3oQ)e  authors  (amouj^  them  Tred^old,  in  his  laige 
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work  on  the  steam-engine)  say  that  "  the  (quantities  of  steam  bomg  equal*  the  power  of 
rotary  action  will  be  less  than  that  of  rectilineal  action;"  and  this  fShUacy  is  but  too 
generally  admitted  among  en* 
gineers.  That  it  is  a  fallacy 
may  be  very  easily  shown  by 
a  practical  example.  Let  \m 
suppose  that  the  piston  J)  £ 
measures  10  inches  each  way^ 
and  therefore  presents  a  sur- 
face of  100  square  inches,  and 
that  it  is  acted  on  by  steam 
hsTlng  a  pressure  of  20  lbs. 
per  square  inch ;  so  that  the 
total  pressure  on  its  surface  is 
100X20  =  2000  lbs.  Now, 
considering  G  D  as  this  arm  of 
fi  lever,  of  which  a  portion 
£  D  is  loaded  with  pressures 
distributed  uniformly  oyer  it, 
we  know  that  their  combined 
effect  to  turn  the  lever  round 
its  fulcrum  C  is  the  same  as  if 
^e  whole  pressure  were  col- 
lected into  one  force  at  H,  the 
centre  of  gravity  of  the  part 

P  E.  We  have,  therefore,  effectively  a  lever  or  arm  of  the  length  C  H,  pushed  round  C  by 
»  force  of  2000  lbs.  applied  at  H.  If  we  take  C  E  =  9  inches,  then  as  E  H  =  5  inches 
(I  of  10  inches),  C  H  =  14  inches ;  and  during  one  revolution,  H  passes  over  a  distance 
equivalent  to  the  circumference  of  a  circle  having  a  radius  of  14  inches — ^that  is  to 
say,  over  88  inches,  or  7|  feet.  Hence,  the  work  done  during  a  revolution  is  2000  lbs, 
X  7|  feet  =  14,667  lbs.  moved  over  1  foot.  Also  the  quantity  of  steam  required 'to  fil} 
the  annular  space  passed  through  by  the  piston  is  thus  found,  C  E  being  9  inches,  and 
C  D  being  19  inches : — 


Fig.  210. 


Area  of  outer  oirde  (38  inches  diameter) 
Area  of  inner  circle  (18  inches  diameter) 

Area  of  annular  space  (difSarence)     •    • 
Multiply  by  breadth 

Volume  of  annular  space    ...... 


=  1134*12  square  inches, 
=    264-47 

879-65  „ 

10  inches, 


'  8796'4  ^^^^  iflchea, 


Were  we  to  apply  this  quantity  of  steam  in  an  ordinary  cylindeiv  whatever  be  its 
dimensions,  we  should  produce  equivalent  power.  Let  us,  for  example,  take  a  cylinder 
1  foot  diameter,  having  an  area  of  piston  113*1  square  inches,  subjected  to  a  pressure  of 
113*1  square  inches  X  20  lbs.  =  2262  lbs.,  moving  through  a  stroke  of  6*488  feet  (a 
length  which  requires  equivalent  volume  of  steam),  we  find  the  work  to  be  2262  lbs.  >< 
6*488  =  14,667  lbs.  moved  over  1  foot  as  before.  Instead  of  reckoning  the  whole  revov 
lution  of  the  rotary  piston,  we  might  take  any  portion  of  its  revolution,  and  we  should 
fif^d  ^  poorer  developed  b^  fte  9teaiQ  used  ei^Bxs^j  equa)  to  that  wbic)i  would  \fi  pT^ 
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duced  by  the  same  quantity  of  steam,  in  any  corresponding  portion  of  a  cylinder  Where 
the  piston  moves  rectilineally.  Without  reference  to  any  special  numerical  example^ 
we  observe  these  general  laws.  Whatever  be  the  form  of  the  rotating  piston  I>  E^ 
steam  pressing  uniformly  on  its  surface  produces  the  same  effect  to  turn  it  round  its 
centre  C,  as  if  the  whole  pressure  were  collected  into  one  force  acting  at  the  centre  of 
gravity  H  of  the  suHSsice  of  piston ;  and  the  work  done  by  the  steam  during  any  part  of 
a  revolution  is  equivalent  to  the  total  pressure  in  the  piston,  multiplied  by  the  distance 
traversed  by  the  centre  of  gravity  fi,  or  the  portion  of  the  circumference  of  a  circle  of 
which  C  H  is  the  radius ;  and,  further,  the  volume  of  steam  required  during  the  given 
portion  of  a  revolution  is  (by  the  well-known  law  of  mensuration  of  annular  solids) 
measured  by  the  area  of  the  piston,  multiplied  by  the  distance  passed  over  by  ite  centre 
of  gravity.  In  the  case  of  a  piston  moving  rectilineally,  the  work  done  by  the  steam, 
and  the  volume  of  steam  used  during  any  portion  of  a  stroke,  are  measured  in  predsely 
the  same  way,  and  bear  the  same  relation  to  each  other.  There  is,  therefore,  no  theo- 
retical objection  to  the  application  of  steam  in  such  a  way  as  to  produce  direct  rotary 
motion.  That  there  are  considerable  practical  difficulties  in  the  arrangement  of  the 
parts,  and  their  construction  so  as  to  present  steam-tight  nibbing  surfaces,  and  to  avoid 
undue  friction  and  unequal  wear,  is  doubtless  true ;  but  were  these  difficulties  fairly 
surmounted,  we  should  be  in  possession  of  an  engine  where  simplicity,  and  economy  of 
Weight  and  bulk,  might  enable  us  to  apply  steam-power  in  many  cases  where  it  is  not 
now  applicable  without  inoonvenienee. 

Before  leaving  the  subject  of  rotary  engines,  we  may  mention  that  steam  has  been 
applied  successfully  to  produce  rotary  motion  on  the  same'principle  as  that  of  Barker^ a 
mill,  or  the  turbine  applied  to  water-power.  Steam  of  considerable  pressure,  passing 
through  openings  on  the  sides  of  several  tubular  arms  moimted  on  an  axis,  causes  them 
to  revolve  in  the  direction  opposite  to  that  in  which  the  steam  issues,  on  the  same 
principle  as  the  movement  of  a  rocket,  where  the  issue  of  the  elastic  gases,  generated 
by  the  combustion  of  the  charge  at  one  end,  leaves  an  unbalanced  pressure  to  act  on 
the  other  end,  and  thus  to  force  it  onward  through  the  air ;  but  we  believe  this  mode 
of  applying  steam-pressure,  though  exceedingly  simple,  is  by  no  means  sufficiently 
economical  to  warrant  its  general  adoption. 


APPLICATIONS  OP  STEAM-POWER. 

The  chief  purposes  to  which  steam-power  is  applied  are  the  following : — 
I»  Pumping  water  for  the  drainage  of  mines  and  docks^  'or  at  water- wotks  for  the 
supply  of  towns. 

II.  Driving  machinery  for  raising  ore  fix>m  mines,  for  moving  heavy  weights,  or  for 
agricultural  and  manu£u}turing  purposes. 

III.  For  locomotion  on  railways. 

IV.  For  propelling  steam-vessels. 

We  will  briefly  discuss  the  modes  in  which  steam-power  is  generally  made  available 
fer  these  different  uses,  and  the  forms  of  steam-engines  moist  advantageously  applied  in 
each  case. 

I.  Fumping. — ^In  pumping  water,  until  of  late  years,  single-acting  engines  trere 
almost  universally  applied.  We  may  most  readily  account  foi*  this,  not  on  the  ground  of 
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any  advantage  derived  from  the  use  of  single-acting  engines,  but  from  the  circumstance 
that  the  earliest  form  of  engine  that  was  ren^^red  practically  available  was  that  of  New« 
3omen,  which  was  single-acting,  and  suited  only  for  working  pumps ;  that  Watt's  im- 
provements were  first  appUed  to  engines  of  this  kind,  and  that  his  engines  were  intro- 
duced at  mines  to  supersede  the  labofir  of  juen  and  horse?  formerly  applied  to  pumping; 
that  these  engines  were  of  first-rate  quality,  effective  and  durable,  and  naturally  im- 
pressed the  miners  with  a  preference  for  their  form  and  arrangement ;  and  that  engi- 
neers in  mining  districts  appUed  themselves  rather  to  the  perfecting  of  forms  already  in 
use  than  to  the  introduction  of  new  forms.  So  strong  indeed  has  been  the  proference  for 
smgb-acting  engines,  especially  those  of  the  kind  employed  in  Cornwall,  when  applied 
to  pumping,  that  few  double-acting  engines  have  ever  been  employed  for  this  purpose 
until  very  recently.  We  brieve,  however,  that  the  results  have  shown  decided 
advantages  in  favour  of  the  double-acting  engiaes,  and  that  ere  long  they  wiU  supersede 
the  more  cmnbrous  and  less  advanced  form  of  those  that  are  single-acting. 

The  pumps  employed  in  mines  are  of  the  lifting  or  forcing  kind,  having  a  stroke 
seldom  exceeding  8  or  10  feet  When  the  mine  is  deep  the  water  is  raised  by  stages, 
each  150  to  200  feet  in  height.  The  lowest  pumps  discharge  into  a  reservoir  about  that 
height  above  the  bottom  of  the  mine;  the  second  set  of  pumps  draw  from  that  reservoir, 
and  discharge  into  the  next  higher;  ^d  so  on,  until  the  water  is  finally  delivered  at  such 
a  level  that  it  may  be  permitted  to  flow  off  by  natural  drainage.  As  apparatos  is 
generally  required  at  mines  for  stamping  and  crushing  the  ore,  it  is  not  unusual  to 
deliver  the  w^atec  at  such  a  height  above  the  general  level  of  the  ground,  as  may  permit ' 
its  use  for- driving  a  water-wheel,  from  which  motion  is  given  to  the  ore-crushing 
machkxery.  But  as  power  is  also  required  for  raising  the  ore,  it  is  generally  more  ad- 
vantageous to  employ  a  double-acting  engine,  besides  the  main  pumping  engine,  for  this 
purpose,  as  well  as  for  the  preparation  of  the  ore.  The  power  required  for  raising  water 
depends  upon  the  quantity  raised  in  a  given  time  and  the  height  to  which  it  is  raised. 
If  we  suppose  that  it  is  necessary  to  raise  100  cubic  feet  of  water  per  minute  150  fathoikis, 
or  900  feet,  since  each  cubic  foot  of  water  weighs  62|  lbs.,  the  total  to  be  raised  is  100 
X  62|  =  6250  lbs.  per  minute.     This  load  raised  through  900  feet  is  equivalent  to 

6260  X  900  =  5625000  lbs.  raised  1  foot,  and  would  require  ^1^^-  =  170  horse- 

power,  without  allowance  for  friction  and  excess  of  power  to  give  the  velocity  of  move- 
ment to  the  column  of  water.  To  estimate  this  quantity,  we  should  add  at  least  10  per 
cent,  or  t^fth,  making  the  power  187-horse,  which  should  be  the  emotive  power,  after 
making  all  allowances  for  the  friction  of  the  engine  and  the  v^oUs  losses  occasioned  by 
the  cooling  or  leakage  of  steam,  and  &e  working  of  the  air-pump  and  feed-pump. 

The  performance  of  the  Cornish  engines  has  received  special  attention  fr^m  the  dr- 
cmnstanee  that  a  munber  of  mine  proprietors  placed  their  engines'  under  the  superin- 
tendence of  engineers,  and  had  monthly  reports  published  as  to  the  quantity  of  water  > 
lifted,  the  quantity  of  coals  consumed,  and  other  particulars.    Six  of  the  most  effective 
engines  reported  on  presented  the  following  average  results : — 

Diameters  of  cylinder  from  60  to  90  inches. 

Mean  pressure  of  steam  per  square  inch,  10  lbs. 

Length  of  stroke  from  8  to  10  feet. 

Average  number  of  strokes  per  minute,  7. 

Diameter  of  pumps,  9  to  IS  inches. 

Average  length  of  pump-stroke,  7  feet  6  inches. 
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Average  work,  reckoned  in  lbs.  of  water  Kfted  1  foot  high  by  the  consumption  of 
1  bushel  of  coal?,  40,600,000  lbs.,  or  the  wy)rk  of  1,227  horse-power. 

In  pumping  docks,  the  quantity  of  water  to  be  lifted  in  a  given  time  is  generally 
great,  but  the  height  inconsiderable,  and  th^e  pump^  may  therefore  be  of  large  diameter. 
As  a  practical  e±ample,  we  may  take  the  case  of  a  tectttn^ar  dock,  200  feet  long, 
40  feet  broad,  and  20  feet  deep^  the  water  being  lifted  2  feet  above  the  highest  level  ta 
give  a  fall  fdr  its  drtthiage^  The  total  quantity  to  be  lifted  is  200  X  40  X  20  =:^ 
160,000  ctibic  fee<^  of  160,000  X  62j  =i  10,000,000  IbS.  At  the  beginning  of  the  work 
tiie  water  has  to  be  lifted  only  2feet,  at  the  end  it  has  to  be  lifted  22  feet,  and  the  mean 

height  of  lift  Is  therefore  11  feet,  the  work  done  being  e^valentto  — - — *     ^.  ' 

3=  3333  horse-^^ef ;  or  allon^g  -fi^  for  Mctioil  and  velocity,  about  3660  horse^ 
power.    If  the  work  be  done  in  1  hour  or  60  minute^  the  power  of  the  engine  must  be 

-^  =  61  horse-po^er^  clear  of  all  losses.    As  in  a  case  like  this,  the  work  at  first  itf 

Very  light,  and  becomes  gflKttter  as  the  level  of  the  water  is  lowered,  and  the  height  ta 
be  lifted  cditeeqttenfly  increased^  it  is  advisable  td  have  several  pumps,  all  of  which  may 
be  kept  in  action  at  drst,  but  -^hich  may  be  thrown  out  of  action  successively  as  the 
load  on  them  becomes  increased^  the  strain  of  the  engine  being  thereby  not  greatly 
taxied. 

In  trfttet-works  for  supplying  towns,  not  only  has  the  Urdter  to  be  lifted  to  such  a 
height  that  it  may  command  the  'hi^est  leVel  to  iThich  it  has  to  rise,  but  it  has  also  ta 
be  conveyed  through  great  lengfths  of  pipe,  often  extending  many  miles.  It  is  coif- 
Venient  to  ftt*ntnge,  as  near  as  possible  to  the  pump,  a  high  reservoir  of  such  altitude  atf 
Inay  be  sufficient  to  ctfuite  the  necessary  flow  in  the  great  length  of  pipe  connected  with 
it  This  is  effected  by  pumping  the  water  through  an  elevated  siphon,  open  at  the  top 
to  permit  the  issUe  of  air  that^nay  be  mingled  with  the  water.  The  pump,  in  making 
its  stroke,  htts  thus  to  put  in  motion  only  the  column  of  water  contained  in  the  ascending 
limb  of  the  siphon,  instead  of  the  whole  mass  contained  in  the  pipes.  But  fn  order 
still  farther  to  relieve  the  pump  and  engine  from  the  strain  required  to  put  fn  sudden 
movement  even  this  mass  of  water,  the  pump  is  provided  with  a  capacious  afir-^esself 
which  is  a  dome-shaped  vessel,  the  upper  part  of  which  contains  air,  tfnd  the  lower  part 
communicates  freely  with  the  discharge-pip^  of  the  pump.  When  the  pump  d&charges 
its  contents,  the  air  in  the  vessel  is  compressed  by  the  influx  of  water  belotr  it ;  and  while 
the  pump  is  making  its  return  stroke,  the  elasticity  of  the  compressed  air  continues  the 
flow  of  the  water  that  had  been  forced  into  the  Vessel.  The  air  thus  acts  as  a  spring, 
yielding  to  the  force  of  the  discharge  fitm  ther  pum|^,  Aad  sustaining  the  pressure  on 
the  flow-pipe  at  intervals  when  the  pt<mp  is  inactive*  When  the  pttmp  is  double-acting, 
or  discharges  at  both  the  up-strdCe  and  the  down-stroke,  the  intervals  of  inaction  ar«r 
only  those  occupied  by  the  turn  of  the  stroke^  and  fbis  dr*^es8el  has  less  to  do  than 
when  the  pump  is  single-acting.  Two  single-acting  pumps,  of  Which  the  one  dis- 
charges while  the  other  is  dmVing,  pi^ttce  a  like  effect ;  upon  the  whole,  we  believe 
that  for  simplicity,  economy  of  cost  and  of  Working,  a  good  double-acting  engine,  with 
double-acting  pump,  is  pteferal^e  to  two  single-acting  engines  and  pumps,  each  of  half 
the  power,  or  to  one  single-acting  of  equivalent  power.  We  know  of  no  advantage 
possessed  by  the  siugle-acting  engine,  which  cannot  be  fully  secured  in  the  double^ 
acting  engine.  It  has  so  happened  that  many  single-acting  engines  have  been  made  of 
large  dimensions  and  Wng  strokci  and  that  the  expannve  power  of  the  steam  has  beett 
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em^oyed  by  cutting  it  off  at  an  eariy  part  of  the  atroke,  to  inch  an  extent  as  to  lecure 
great  eoonamy  of  fbeL  But  m  the  double-acting  engine,  pattioiilarly  when  the  dupli- 
cate cylinder,  with  high-pwwanre  and  low-pTBHore  action,  ia  applied,  the  aame  economy 
of  fael  can  be  eecured,  and  the  bnlk  and  weight  of  the  whole  are  greatly  reduced. 

II.  IMwIag  Maelilniy. — ^The  enginee  ao  employed,  whether  to  nuse  ore  from 
imnea,  to  draw  railway  trains  npeteep  inclinationa,  or  for  agricultural  and  manufacturing 
puipoaes,  are  uniTenally  double-acting.  Where  the  power  retiuired  is  small,  or  where  fhel 
is  cheap  and  water  scarce,  non-condensing  engines  are  generally  preferred.  But,  on  the 
other  hand,  where  there  is  a  plentifbl  supply  of  water,  ind  where  ftiel  is  ezpensiT^ 
condensing  engines  are  employed ;  as  by  a  certain  ezpenditore  of  fbel/ there  is  certainly 
a  greater  amount  of  power  generated  Irhen  the  steam  is  coBdeased.  For  Ucrgv  manu'* 
fectories,  cotton,  flax,  and  flour  nulls,  breweries^  and  like  estabKshments,  the  beamo 
engine  is  generally  employed^  Its  adrantageacouist  in  the  accessibility  of  all  its  parta 
hi  case  of  damage  or  repair,  «xd  <he  steadiness  and  ngulaiity  of  its  moTcnient,- resulting 
from  its  massLTcness  and  solidity.  The  substantial  and  imposing  look  of  a  large  beam<* 
engine  is  certainly,  howeter,  with  many  perMma,  an  argumest  for  ita  use,  where 
engines  of  less  weight  and  bulk  might  be  appUed  with  quite  aa  great  adTsntage.  The 
marine  engine,  haying  reeeited  gnat  attention  to  its  pofect  conatructie%has  offcen  witb 
advantage  taken  the  plaoe  of  ordinary  beam-engines  in  manufacturing  eataWahments  > 
and  we  beliere  the  only  obfectioQ  to  their  general  use  is,  that  they  axe  nilher  more 
ezpenalTe  in  the  first  place.  Where  there  is  a  deficiency  of  watef  for  oondenaation,  it 
is  necessary  to  provide  large  resertoirs  in  which  the  water  discharged  from  the  air- 
pump  may  hare  tune  to  cool  before  it  is  again  tMed  in  the  cendeaser/  Warm  water^ 
when  used  for  injection^  must  eidier  be  admitted  in  quantilies  so  great  as  to  impede 
the  engine  by  the  additional  work  throim  on  the  air->pump, — er^  if  liirated  in  quantity^ 
can  only  effect  partial  condensation  of  thrsteam^  so  that  the  piston  ia  iaipeded  by  the 
imperfection  of  the  vacttutt. 

The  power  of  an  edgine  requited  for  mmiufiBcttting  purposes,  necessarily  depends 
on  the  kind  of  work  to  be  doncf  and  ita  amount.-  A  manufectory  generally  contains 
numerous  machines,  like  and  unlike  i  and  unlbrtnnatdy  very  few  accurate  eq^wrimenta 
have  been  made  as  to  the  power  reqdrod  for  working  them.  It  ia  stated  that  in  the 
cotton  manufecture,  one  horse-power  ia  suftdent  for  100  spindles  of  cotton  yam,  and 
the  machinery  necessary  for  the  preparation  of  the  cotton ;  and,  again^  that  one  hone- 
power  win  work  12  poirer^looms.  But^  eveiy  day^  hnpRyfemenls  are  being  made  in 
the  construction  of  such  machinery,  and  changea  are  intft)duced  among  the  methods  of 
preparing  the  material ;  and  it  tbeitefoi^  becotatea  diftcuH  to  assigs  my  deteiminate 
method  of  estimating  the  power. 

In  the  iron  manufecture,  steam-ti^oir^  ^  generally  appUed  to  the  production  of  the 

blast  of  air  for  the  smelting  fiimace#    The  air  is  condensed  by  a  Mowing  cylinder  or 

pump,  till  it  exerts  «  pressure  of  2  to  8  lbs.  per  square  inch  abote  that  of  the  atmos- 

Inhere,  and  from  1^0  to  1800  cubicr  feet  per  minute  are  forced  into- the  furnace.    When 

or  simply  melting  or  heating  irOtf  in  a  cupoI%  rererberatory  frirnace  or  forge,  the 

ressuze  of  the  air  need  not  be  so  great  as  in  smelthig  eperatkms,  it  is  supplied  by  a  fen 

r  wheel,  with  seYcral  blades  revoNing  rarpidly  tA  a  case.   The  rapid  rotation  of  the  fen 

lusee  the  air  occupying  its  central  part  to  fiy  off  to  its  circumference  by  centrifugal 

tree ;  and  openings  being  provided  at  the  centre  and  the  circumference  of  the  fan-case, 

iie  air  rushes  in  at  the  former  and  out  at  the  latter  with  considerable  velocity,  and  is 

tnveyed  by  air-drains  or  tubes  to  the  furnaces.    The  various  processes  to  whioh  the 
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iron  is  Bubjected-^rolling,  shearing,  flatting,  punching,  turning,  planing,  and  the 
like — are  all  conducted  by  the  application  of  steam-power..  And  so  with  operations 
on  other  metals,  otn  wood,  and  generally  all  crude  materials,  the  facility  of  deriving 
adequate  power  from  the  application  of  heat  to  water  enables  us  to  employ  machinery 
instead  of  manual  labour  in  a  multitude  of  ways,  so  as  not  only  to  execute. works 
that  could  not  hare  been  attempted  without  having  such  a  force  at  command,  but  t^ 
do  so  with  an  eoonoxny  and  ease  that  could  not  otherwise  be  attained.  In  all  th^se 
manufacturing  operations  it  is  essential  to  the  safety  as  well  as  to  the  accurate 
working  of  the  machinery,  that  the  speed  of  the  prime  mover  should  be  uniform. 

Where  there  are  numerous  machines  driven  by  the  same  power,  it  may  often  happen 
that  several  are  in  operation  at  once,  while  at  another  time  none  may  be  at  work.  To 
overcome  the  resistance  caused  by  suddenly  bringing  a  heavy  n^aohine  into  ^tion,  as 
in  the  case  of  a  set  of  rollers  for  preparing  iron,  and  at  the  same  time  to  prevent  the 
dangerous  increase  of  speed  that  would  result  from  suddenly  throwing  it  out  of  work,  it 
is  essential  that  there  should  be  a  good  governor  and  a  very  heavy  fly-wheel.  The  fly* 
wheel  acts  as  a  reservoir  of  force  in  iJie  one  case,  teady  to  give  out  a  portion  of  its 
momentum  when  the  additional  resistance  comes  upon  it;  and  as  a  reservoir  of  resistance 
or  inertia,  in  the  other  case,  ready  to  absorb  a  portion  of  the  imnecessary  power.  The 
governor,  again,  permits  the  supply  of  addiJtional  steam  to  the  cylinder  as  soon  as  the 
velocity  of  the  engine  begins  to  undergo  diminution,  and  checks  or  throttles  the  supply 
whenever  the  speed  rises. above  the  average.' 

When  the  power  required  is  small,  or  under  circuipstances  where  there  is  a  difficulty 
in  8uppl3ring  water  for  condensation,  or  where  there  would  be  a  great  disadvantage  in 
having  any  complicated  machinery  to  be  attended  to,  it  is  usual  to  employ  non-con* 
densing  engines ;  these  being  more  simple  are  less  costly  in  the  first  place,  less  liable 
to  derangement  and  wear,  and  more  easily  undetstood  and  managed.  It  is  true  that 
for  a  given  amount  of  power,  the  expenditure  of  fuel  is  somewhat  greater  than  where 
the  steam  is  condensed ;  but  with  a  good  boiler  generating  steam  at  a  pressure  of  40  to 
60  lbs.  if  the  cylinder  be  made  of  considerable  sijie,  and  the  steam  cut  off  at  an  early 
part  of  the  stroke  so  as  to  act  expansively,  the  excess  of  fdel  expenditure  is  almost 
inappreciable.  For  agricultural  purposes,  in  the  colonies,  or  generally  in  districts 
removed  from  engineering  estabUahments,  simplicity  is  of  more  importance  than  even 
economy  of  fuel.  Many  of  these  non^-condensing  engines,  ftom,  5  to  l^horse-power, 
are  made  portable,  so  that  the  power  may  be  readily  brou^t  to  the  work  instead 
of  the  work  being  brought  to  the  power.  The  portable  engine  consists  of  a  cylindrical 
boiler,  perforated  with  flues  or  tubes  like  that  of  a  locomotive,  mounted  on  wheels,  with 
a  direct-acting  engine  laid  horizontally  upon  the  boiler,  or  arranged  in  some  convenient^ 
way  for  li^tness  and  economy  of  space.  For  thrashing  and  winnowing  com,  draining  or 
irrigating  land,  brick  and  tile  making,  and  fleld  operations  generally,  these  engines  are 
very  serviceable,  especially  in  cases  where  the^work  of  a  farm  is  not  enough  to  keep  an 
engine  constantly  employed,  and  where  the  same  engine  may  do  duty  throughout  a 
considerable  district.  We  believer  however,  that  as  agriculture  approaches  more  to 
the  condition  of  a  manufaeturing  art  than  it  has  hitherto  done,  the  fixed  engine  will 
gradually  supersede  those  thftt  are  portable ;  the  farm  buildings  wiU  become  the  head- 
quarters of  the  various  operations  ;  the  materials  will  be  brought  thither  to  be  operated 
on ;  and  agricultural  processes  will  be  carried  on  with  the  regularity  and  precision  of 
other  Dranches  of  art.  Of  late  years,  many  persons  of  high  standing  and  energetic 
pharacter  have  devoted  themselves  to  the  furtherance  of  this  object ;  and  their  example 
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is  being  genetally  followed  throughout  the  country.  His  Boyal  Highnew  Prince 
Albert  haa  erected  a  very  complete  farming  establishment  near  Windsor.  A  fixed 
engine  puts  in  motion  a  train  of  machines  for  thrashing,  dressing,  and  grinding  com, 
eutting  chafl^  bruising  beans  and  oats,  steaming  the  food  of  cattle,  and  otiier  processes, 
all  systematieally  and  economically  arranged;  q^nd  similar  plans  are  adopted  in  many 
otherplafees  at  home  and  abroad. 

III.  XioeoniotlTeB. — In  no  application  of  steam-power  has  greater  ingenuity  been 
manifested  Hian  in  loGOmotive  engines.  The  great  essentials  of  a  locomotive  are,  lightness^ 
oompactness  and  strength  of  construction,  rapidity  of  action,  and  facility  of  management. 
Some  -of  the  earliest  attempts  at  these  engines  were  necessarily  rude  and  imperfect ; 
but  the  rapid  extension  of  the  railway  system,  and  the  immense  advantages  derived 
from  speed  in  the  transmission  of  passengers  and  goods,  have  huiried  on  improvements 
so  quiddy ,  that  in  a  very  few  ye^  the  locomotive  has  risen  to  a  high  degree  of  perfec- 
tion. For  some  time  it  seemed  difficult  to  contemplate  the  possibility  of  covering  the 
land  with  a  net- work  of  iron- ways,  extending  over  many  thousand  miles  in  length ;  and 
accordingly  attention  was  chiefly  devoted  to  the  construction  of  locomotives  for  running 
on  ordinary  roads.  Some  of  the  engines  made  for  this  purpose  were  tolerably  success-* 
M  in  their  operations,  and  embodied  in  their  construction  a  great  amount^of  ingenuity^ 
which  has  not  been  without  its  use  in  leading  to  the  more  perfect  locomotive  of  the 
present  time.  Even  when  railroads  began  to  be  ibrmed,  the  employment  of  steam  on 
them  was  a  doubtful  question,  alid  their  most  sanguine  promoters  scarcely  dared  to  hope 
for  a  speed  exceeding  10  miles  an  hour,  or  to  expect  that  passenger-traffic  would- equal 
in  importance  the  conveyance  of  heavy  goods.  It  was  feared  that  the  friction  of  an 
iron  wheel  on  an  iron  road  would  not  be  sufficient  to  move  onward  the  locomotive  itself, 
much  less  a  heavy  train  of  carriages ;  and  accordingly  it  was  proposed  to  apply  levers 
to  act  as  legs  and  feet  propelling  the  carriage,  or  to  lay  down  a  continuous  r^ck,  in 
which  a  toothed  wheel  driven  by  the  Engine  might  work,  or  an  endless  chain  to  be 
wound  round  a  revolving  barrel.  It  was  not  until  the  actual  trial  was  made,  that  the 
simple  expedi^t  of  causing  a  pair  of  wheels  to  revolve  on  the  rails  was  ad.opted  without 
reserve. 

The  boiler  of  a  locomotive  has  already  been  described ;  the  engines  are  simply  two, 
direct  acting,  liaid  horizontally  side  by  side  under  the  boiler,  working  cranks  at  right 
angled  to  each  other  on  a  shaft  which  crosses  under  the  boiler  transversely,  and  has  the 
driving-wheels  fixed  at  each  end.  For  each  revolution  of  the  engine,  therefore,  there  is 
one  revolution  of  the  driving-wheels.  Sometimes  these  are  made  6  to  7  feet  in  diameter, 
and  have  therefore  a  circumference  of  20  feet.  If  we  suppose  the  engines  to  make  200 
revolutions  per  minute,  or  200  X  60  =  12000  per  hour,  as  the  whole  ^ineumference  of 
the  driving-wheel  is  brought  to  bear  on  the  rail  during  each  revolution,  if  there  be  no 
slip,  the  locomotive  must  advance  20  feet  for  each  revolution — ^that  is  to  say,  12000  X 
20  ==  240009  ^^  about  4d|  miles  per  hour.  When  the  rails  are  damp  and  slippery, 
the  wheels  occasionally  slip  round  without  taking  sufficient  hold  of  them  to.  propel  the 
train.  In  such  cases  a  little  sand  strewn  on  the  rails  generally  causes  sufficient  friction 
to  commene^  the  movement  of  the  train ;  and  its  momentum  once  established,  the  loco- 
motive has  only  to  keep  it  up  against  the  resistance  of  the  air  and  the  friction  of  the 
running  wheels.  When  the  locomotive  is  applied  to  the  propulsion  of  heavy  goods'-. 
trains,  especially  up  inclinations,  it  is  necessary  to  obtain  more  friction  than  could  be 
derived  frq^  one  pair  of  driving-wheels.  For  this  pinrpose  the  locomotive  is  fitted  with 
one  and  sometimes  two  additional  pairs  of  driving-wheels,  of  the  same  size  as  thos* 
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Worked  by  the  en§^.  These  ^rhiedlr  aJto  ooupMhy:  oonnectiiig-rodA  worJBng.<nr 
fuia  projecting  from  their  arms,  so  that  they  all  reTolve  simtiltaneoualyy  and  thus  pre^ 
sent  double  or  treble  the  amount  of  nibbing  surface  on  the  rails.  The  locomotlye  haaf^ 
fttta<^ed  to  it  a  tender,  ^rhich  is  an  iron  tank  mounted  on  wheels,  diyided  into  two  com-* 
pcurtmentSy  one  containing  ftiel  and  tii&otiier  water  for*  the  supply  of  tiie  engine.  The 
"^ater-tankis  connected  by  a  flexible  tube  to  the  feed-piHnp  of  the  loconotErey  by  whiehn 
the  pum]^'  draws  its  sup^y,.aaid  f^frces  it  into  the  boilers  In*  ordeif' to  save  fvel,  the 
water  in  the  tank  isheafled  by  steam  blown  through  it  from  the  boiler,  wlnle  the  train* 
IB  stoppiftgy  and  the  steam  is  bioiring>  off  tb  waste  by  the  salt^ty-valTe.  The  engine-*^ 
driver  and  stoker  stabd  on  a  stage  at  the  fire-box  end  ofthe  boiler,  and  have  under  their 
eye  the  Water  and  steam-gWiges/  Thtey  have  conveniently  arranged  levers  for*  working 
ther  steam-valve  so  as  to  perfttit  more  or  less  steam  to  enter  &e  cylinder  ;vfor  moving  tiie 
Ihi&^i)&olSbn  of  the  slides,  so  as  to  reverse  the  motieil  of  the  engines;  for  adjusting  the 
pX^S8«)r6  oil  lSh6  safety- Val^ej .  the  supply  of  feed-Water,  and  tib:e  break  on -the  wheels: 
When  it  iW  necessary  to  stop  or  mo^e  more  slowly. .  They  hav6  convenient  means  of 
oiling'ttllt^  Working"  part£^  and  of  opening  pet-eocks  in  the  cylinders  to  permit  the 
issue  of  water,  and  th^e  cock  £>r  sounding  the  sfetun-whistfe  as  a  sigcLal  ofi^eirapproach.- 
Altogether  the  locottotiVe  is*peiinips  the  most  perfect  apparatus  that  has  been  designed- 
,by  engineers ;  and  &e  materials  and  Worknianshi^  applied  in  its  oonstructioa  are  neces- 
sarily of  the  best  kind,  to  withstand  the  constantly  reiterated  shocks  of  the  movement, 
and  to  convey  poWer  so  great  through  parts  so  light  and  apparently  so  complex. 

IT.  Pvop^sion  of^  Tessels^^Although  numerouff  modes  of  applying  steam  to 
I3ie  propulsion  of  Vessels  have  been  proposed,  two  only  have  met  with  general  adoption — 
viz.- the  pad^e- Wheel  and  the  serew-propeller.  The  action  of i paddle-wheel  engines-' 
is  precisely  similar  to  that  of  Idcomotives:  the  paddJAS  in  the  one  case  occupying  the 
place  of  the  driving-wheels  in  the  other^  and  having  float-boards  SHCcessively  immersed 
in  the  water  and  withdrawn  fi-odi  it  as  tile  wheels  revolve.  The  paddle  of  a  steam- 
vessel  is,  indded,  an  undershot  water-wheel  reversed  in  its  action ;  thatis-to  say,  instead- 
oC  thd-  WheeE^being  putite  motion  by-  the  odnent  of"  watery  the:  wheel^  pot  in  motion  by* 
the  steaz^engine  causes  a  current  of  water  by  its  revolution ;  and  the  reaction  of  the 
Watfei^proptflTddby  it  bac^Wa^ds,  fbrces  the  wKl^el  forwards,  and  with*^  it- the  vessel  to 
Whi^  if  iS'attathed.'  A%  the  float-boards  enter  and  leave  the  water,  they  act  on  it 
obIiqi[!Eely,^iibRding  in  some  measure  to  press  it  down  in  front  and  raise  it  behind,  ht 
sea-^going- vessel^;  where  the  wheels  often  act'  on, the  undulating  surface  of  the  water,- 
this  obliquity  of  ac^on  becomes  »  very  considerable  resistance,  and  tends  to  retard  the 
engineS'aiid'gl^  them*  severe  shocks.  To  obviate  this  defect,  paddles  are  frequently 
made  in  sQch  a  manner  that  While  passiag  through  the  water  they  hang  nearly  verticaL 
Such  a  Wheels^  eaUed  tifeatherin^^ddlio,  because  the  float-boards  j^aifA«r,-  or  enter  and 
leave  the  Waiter  edgeways  like  the  oar  in  this  hands  of  a  praetised  rower. .  The  power 
required  fbt:  a  fiteam->7es8el-  depeAdS  upon  its  form  and^tonnage,  Andr  the  speed  <atr  which 
it  is  moved.' 

Steam  vessels  ar&  0»ierallymade~veryvlong  in  proportion  to  tbeir^k<eadti!fe)  and  finely 
wedge-shaped  at  each  end,  so  as  to  cut  through  the  water  wit9i  iets  •little  resistance  as  pos- 
sible. In  vessels  of  similar  form  and  proportions  thepowdfrTequlred  to  produce  a  given 
speed  is  nearly  as  the  tonnage;-  Biit  a  very  s%ht  increase  of  speed  demands  a  very  consi- 
derable augmentation  of  power,  as  may  be  thus  estimSited : — ^To  double  the  speed  of  a  ves- 
sel it  is  necessary  to  push  aside  double  the  quantity  of  water  in  a  given  time,  and  to  impel 
tilis  water  with  double  the  velocity,  and  therefore  to  encounter  four  times  the  resistanee  ; 
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and,  as  the  speed  of  the  engines  must  be  at  least  doubled,  the  power  expended  in  a  given- 
time  must  be  at  least  eight  times.  Generally  the  i>ower  maj  be  taken  as  the  cube' of  the 
speed,  or  rather  more.  If,  for  example,  a  pair  of  engines  working  to  100  horse-powef 
propelled  a  yessel  at  the  rate  of  8  knots  (nautical  miles)  per  hour,  we  should  have  to 
work  the  engines  up  to  200  horse-power  to  attain  a  speed  of  10  knots  per  hour;  because 
while  the  cube  of  8,  or  8  X  8  X  8  =  512,-  the  cube  of  10  is  1000,  nearly  double  of 
612,  and  therefore  the  power  in  the  one  case  must  be  double  of  that  in  the  other.  The 
flame  law  applies  in  the  case  of  vessels  propelled  by  a  screw. 

The  principle  on  which  the  screw  acts  as  a  propeller  may  be  best  understood  hy 
considering  the  action  of  a^  windmill  reversed.  The  screw  generally  consists  of  two' 
Bclined  blades  (Fig%  211)  projecting  from  an-  axis  mounted  in  bearings  in  what  iff* 
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e&Ued  the  dead-wood  of  sr  vessel^  o^  the  part  of  the  ^tn  immediately  before  the 
fudder.  The  screw-shaft  works  through  a  water-tight  tube  fixed  in  the  deadwoodj> 
find  is  put  in  mdtion  by  tEe  enginei^  fixed  in  the  body  of  the  vessel.  The  whole  screw^ 
is  immersed  undel:  water,  and  the  blades  are  of  such  size  that,  looking  endways  on  the 
flhaft,  they  appeat  tb^  occupy  each  about  one-sixth  of  the  circle  whik^  circumscribes  ~ 
th^n. 

^e  pitch  of  the  screw  depends  on  the  obliquity  of  the  blades  to*  the  plane  of  the 
cirelb,  and  this  obliquity  &crdases  from  the  circumference  towards  the  centre,  because 
the  parts  nearer  the  centre  travel  With  less  circumferential  vebcity,  and  yet  the  water 
passes  them  iHth  eqvOBl  longitudilial  speed.  When  We  £fay  that  a  screw  has  twenty-feet 
pitch,  We  miean  that  if  the  screw-'blade  Were  coutinued  through  a  complete  revolution 
round  its  axis,  aiiy  straight  line  drawn  parallel  tothe  axis  would  cut  two  portions  of  thd 
blade  at  points  twenty  feet  apart.  Did  the  screw  in  revolving  through  the  water  put 
the  latter  in  motion  at  such  a  rate  as  precisely  to  glide  along  its  blades  in  straight  lines 
parallel  to  the  axis,  every  revolution  of  the  screw  would  move  any  portion  of  water  ex* 
posed  to  it  through  a  length  of  20  feet.  But,  practically,  the  water  is  almost  at  resl^ 
and  the  screw  worms  its  way  through  it,  having  to  put  in  motion  the  vessel  to  which  it 
is  connected,  and  a  certain  slip  occurs,  or  the  speed  with  which  the  screw  and  vessel 
fravel-through  the  water  is  less  than  that  due  to  the  obliquity  of  the  screw  by  abowt  24* 
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OT  30  per  cent  If  ire  lappote  that  a  screw  of  20  &et  pitch  makes  00  rerolntioiid  pe> 
minute,  any  point  in  its  soifaoe  withoat  slip  would  more  thnraif^  20  X  00  :=  1200  6et 
longitudinally  per  minute,  or  1200  X  60  =:  72000  lbet=  12  knots  an  hour  neatlj.  But 
allowing  twenty*flye  per  cent.,  or  one-firarth,  for  slip,  the  actual  speed  wonld  be  nine 
knots  per  hour. 

Although  screW'propellerB  haye  not  as  yet  been  applied  in  such  a  manner  as  to  pro^ 
duce  speed  equivalent  to  paddles  from  a  giyen  oonsumption  of  fuel,  yet  the  adyantagea 
resulting  from  their  small  bulk  and  weight  as  oompared  witii  pft*><^M,  from  their  bein|^ 
arranged  in  a  place  almost  inaccessible  to  shot,  and  in  such  a  manner  &at  they  do  not 
interfere  with  the  sailing  qualities  of  the  yessel,  are  such  as  to  fkyoor  their  genenl  adop* 
tion  in  the  nayy  as  well  as  in  the  mercantile  marine. 

It  would  be  beyond  the  limits  of  a  work  like  this  to  enter  upon  tilie  consideration  of 
the  various  forms  and  details  of  engines  suited  for  special  purposes.  We  have  endea- 
voured only  to  present  a  few  leading  outlines  of  their  general  arrangements,  and  of  the 
construction  of  parts  more  or  less  common  to  alL  Peculiarities  of  site,  of  purpose,  and 
even  of  taste,  dictate  peculiarities  of  arrangement  There  cannot  be  said  to  be  any 
beau-ideal  or  perfect  example  of  a  steam-engine ;  but  moderate  attention  given  to  thie 
leading  features  of  effective  engines  will  better  enable  the  practical  student  to  appro* 
ciate  advantages,  and  detect  errors  of  design  and  construction,  than  the  study  of  the 
best  drawings  or  descriptions. 


THE  COMMUNICATION  OP  POWEB. 

The  communication  of  power  is  really  the  conmiunication  of  motion,  for  power  im* 
plies  change,  and  change  of  place  is  motion,  A  column  supporting  a  weight,  communi- 
cates the  pressure  of  the  weight  to  its  foundation ;  and  a  string  suspending  a  load  from 
a  hook,  communicates  its  tension  to  the  hook;  but  in  neither  of  these  cases  is  popper 
communicated,  for  no  change  is  effected ;  time  forms  no  element  in  the  question,  the 
same  strain  being  conveyed  to  the  point  of  support  in  an  instant  as  there  is  conveyed  in 
a  century.  But  if  the  column  or  string  be  in  motion  like  the  piston-rod  of  a  steam* 
engine  pushing  or  pulling  against  a  resisting  force,  not  only  is  the  pressure  acting  on 
the  piston  conveyed  through  the  rod  as  a  simple  strain,  but  it  is  also  conveyed  through, 
a  certain  distance  in  a  certain  time,  or  at  a  certain  velocity,  and  can  by  its  motion  effect 
changes  on  materials  presented  to  it,  proportioned  to  the  amount  of  power  developed^ 
and  ^e  time  during  which  It  acts.  Thepotper  of  any  mechanical  arrangement,  there* 
fore,  means  its  capability  of  effecting  change ;  while  its  icork  means  the  quantity  of 
change  effected.  The  most  simple  kind  of  change  which  we  can  contemplate  is  that  of 
position ;  and  we  therefore  take  change  of  position  or  motion  as  t]ie  measure  of  one 
element  of  work  done.  The  most  simple  notion  as  to  quantity  of  change,  is  that  of 
masp  or  weight  of  material  moved ;  and  we  therefore  take  weight  as  the  measnie  of 
another  element  of  work.  Lastly,  we  estimate  iJie  capability  of  effecting  change— that 
is  to  say,  power — ^by  the  time  required  for  the  work  done.  The  greater  the  mass  moved, 
the  greater  the  distance  over  which  it  is  moved,  and  the  less  the  time  occupied  in  tha 
motion,  the  greater  the  power  developed. 

An  engine  of  10  horse-power,  means  an  engine  capable  of  moving  10  times  the  mass 
that  can  be  moved  by  an  engine  of  1  horse-power  over  a  given  distance  in  a  given  time^ 
or  of  moving  the  same  mass  over4d  times  the  distance  in  the  nm»  time,  or  of  ,movin§^ 
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tile  same  mass  oyer  the  same  distance  in  i^th  of  the  time.  Power,  indeed,  is  simply 
pressure  multiplied  by  Telocity ;  and  if  we  know  the  pressures  and  yelocities  communi* 
cated  through  any  tratos  bf  machinery,  wc  compare  their  powers  by  comparing  the  pro- 
ducts of  these  factors. 

It  is  a  simple  law  of  mechanics,  admitting  of  no  exception,  that  whatever  be  the 
nature  or  complication  of  any  mechanical  arrangement  by  which  power  is  conveyed, 
whatever  be  the  power  applied  to  move  it,  the  same  power  would  be  given  out  from 
every  part  of  it,  provided  no  waste  occurred  from  friction.  And  the  more  perfect  the 
construction  of  the  machinery  in  respect  of  smoothness  of  rubbing  surfaces,  the  more 
hearly  is  this 
hw  practically 
fulfilled. 

If  we  take 
any  of  the  sim« 
pie  mechanical 
powers,  such  as 
the  lever  AB 
(Fig.  212),  ca* 
pable  of  vibra- 
ting on  the 
fulcrum  F,  we 
observe  that 
when  A  F  is 
equal  in  length 

to  FB,  a  weight   •<>'*'  Fig.  212. 

of  10  lbs.  hung  from  A,  balances  the  same  weight  hung  from  B ;  or  when  A  F  is  twice 
F  C,  a  weight  of  10  lbs.  at  A  balances  20  lbs.  at  0. 

Such  is  the  law  for  mere  pressure  or  weight  without  motion ;  but  when  we  consider 
the  question  in  respect  of  power,  we  have  to  imagine  that  the  lever  vibrates  on  its 
fulcrum,  so  that  every  point  of  it  describes  a  portion  of  a  circle  round  the  centre  F. 
"We  may  suppose  one  such  vibration  effected  in  a  second,  and  that  the  arc  described  by 
A  measures  2  feet  in  length,  then  will  the  arc  described  by  C  be  1  foot  long ;  and  10  lbs. 
at  A,  moving  through  2  feet  in  1  second,  develops  the  same  power  as  20  lbs.  at  C  moving 
through  1  foot  in  1  second,  because  10  X  2  =  20  X  1 ;  the  products  of  the  pressures  by 
the  velocities  are  equal  in  both  cases.  We  might  trace  the  same  law  through  all  the 
simple  mechanical  powers,  and  through  all  possible  combinations  of  them ;  that  is  to 
say,  through  all  possible  arrangements  of  machinery. 

The.ptiftptical  application  of  this  law  in  calculating  the  proper  strengths  and  pro- 
portions of  parts  of  machines  is  exceedingly  simple. 

In  a  machine,  for  instance,  moved  by  1  horse-power,  whenever  we  can  ascer- 
tain the  velocity  of  any  part,  we  can  find  at  once  the  pressure  or  strain  passing 
through  that  part.  One  horse-power  is  reckoned  as  33,000  lbs.  moved  1  foot  per 
minnte  ;*  i^  then,  some  part  of  the  machine  in  question  were  found  to  move  over 
10  Iset  in  1  second,  or  600  feet  in  1  minute,  we  should  at  once  know  that  the 
itraiii  on  that  part  is  equivalent  to  a  pressure  of  66  lbs.,  for  66  lbs.  X  600  feet 
8=  33,000  lbs.  X  1  foot.  As  a  pnwfical  example,  let  us  suppose  that  in  some  part 
«f  a  machine  irorked  by  6  horse-power,  there  is  a  wheel  7  feet  in  diameter  revolv- 
ing 30  times  in  a  minute,  and  that  we  desire  to  estimate  the  pressure  on  the  rim 
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of  that  wheel,  or  the  resistmg  force  which  would  have  to  be  applied  to  balance  its 
rotary  force. 

The  circumference  of  a  wheel  7  feet  in  diameter  is  22  feet,  and  this  moying  30  times 
round  in  a  minute  has  a  Telocity  of  22  x  30  :=  660  feet  per  minute ;  the  power,  6  horse, 
is  quivalent  to  33,000  X  5=  165,000  lbs.  moved  through  1  foot  per  minute,  or  250  lbs. 
moved  through  660  feet  per  minute.  The  strain  on  the  rim  of  the  wheel  is  therefor^ 
equivalent  to  250  lbs.  jGre^erally,  the  rule  for  estimating  the  strain  (in  lbs.)  of  any 
part  is  to  divide  the  power  (expressed  in  lbs.  moved  .over  1  foot  per  minute)  by  the 
velocity  of  the  part  (in  ,^et  per  minute). 

The  kind  of  motion  most  conveniently  conveyed  through  machinery  isj'otary  motion  ; 
and  the  chief  subject  of  oyr  inquiry  wiU  be  as  to  how  this  can  be  convened  and  con- 
verted into  Qiotions  of  another  kind,  such  as  vibratory  or  reciprocating  movements. 

A  shaft  or  spindle  is  a  xigid  bar  of  metal,  or  sometimes  of  wood,  caused  to  rotate 
round  its  axis,  and  capable  of  conveying  the  rotary  motion  gpbren  to  it  along  its  whol^ 
Jength,  and  giving  i^  off  at  any  point  to  machinery  connect^  with  it.  The  lengths  of 
shafts  are  limited,  ip  consequence  of  thetdif&culties  attending  their  oonstruction  in  great 

l^gths.  Large  shaftit,  juc^.as  are  used  for  the 
paddles  of  marine  engines,  are  sometimes  20  or  30 
feet  long;  but  smaller  shafts  seldom  exceed  10  or 
12  feet  in  length.  When  greater  lengths  are  re- 
quired, the  shafts  have  to  be  coupled  or  connected 
together. 

Fig,  213  represents  a. simple  coupling  for  round 
wroughtriron  shafts.  A  and  B,  the  ends  of  the  two 
shaifts,  being  nicely  rounded,  are  inserted  into  a 
cylindrical  box  bored  to  fit  them,  and  having  a 
groove  or  keyway  cut  along  its  interior  sur&ca 
/iorresponding  to  grooves  out  in  the  shafts.    Xhesp 
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Fig.  213. 

grooves  are  filled  by  keys,  D  £,  made  slightiy  taper,  and  driven  tightly  iii  ftom  eadi 
end.  One  of  the  shafts  A  being  caused  to  rotate,  must  carry  the  coupling  round  with 
it,  and  also  the  other  shaft  B,  because  the  keys  prevent  either  shaft  fix>m  slipping 
round  within  the  coupling,  or  the  coupling  from  slipping  round  either.  In  making 
such  a  coupling  of  cast-iron,  the  following  proportions  will  be  found  practically  suit- 
able : — ^External  diameter  of  coupling  double  that  of  shaft ;  length  of  coupling  throe 
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times  the  diameter  of  shaft;  width  of  key,  one-fourth  the  diamdterof  B  Alt;  mean 
-depth  of  key,  one-half  its  width.  * 

The  keys  should  be  made  with  ffih^heads,  a6  showiT  in  the  figure,  so  that  they  may 
^be  driyen  out  when  required  by  applying  a  piece  of  iron  rod  to  the  proj  eoting  part  and 
striking  it  with  a  hammer,  as  maiked  by  the  dotted  ^lines  F,  or  by  driving  a  wedge 
between  the  gib-head  and  the  coupling.* 

Some  engineers  in  coupling  the  shafts  halve  l^m  over  each  other,  as  in  Fig.  214,  and 
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Fig.  211. 

insert  ii  tapered  key  in  a  groove  formed  in  the  coupling  only,  its  inner  surface  fitting 
tthe  shafts.  Such  a  key,  called  technically  a  hollow  key,  from  the  hollowing  -or  con- 
cavity of  its  inner  surface,  tightens  thecoupUijg  very  firmly  on'4Jie  shafts.     ThBface- 


Fig.  215, 


^«Bupling  consists  of  two  dises,  with  projecting  bosses  keyed  on  the  ends  of  the  shafts 
'  lacing  each  other,  held  together  by  four  or  more  bolts  and  nuts  passing  through 
corresponding  holes  in  the  two  dises. 

*  A  "key/'  used  for  fixing  a  coupling  m  any  other  piece  of  machinery  on  a  round  shaft,  is  a 
piece  of  iron  or  steel  of  parallel  breadth,  but  slightly  tapered  in  thickness,  m  that  on.drivlng  it  into 
the  M  key  way"  or  recess  provided  for  it,  it  fvcts  as  a  wedge,  pressing  the  opposite  surface  of  the  shaft 
against  that  of  the  hole.  A  "  feather"  is  a  key  of  equal  breadth  and  thickness  throughout,  fitted  into* 
ji  recess  in  the  shaft,  and  projecting  from  it  into  a  slot  formed  in  the  hole  of  the  coupling  or  other 
.boas,  which  can  thus  Blid«  ajong  the.shaftloogitudinally,  but  must  torn  with  It. 
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Fig.  21«. 


Sometimes  when  it  is  desired  that  by  no  accident  shall  the  moyement  of  any  length 
of  shafting  be  reversed,  a  ratchet-coupling  is  applied,  a  (Fig.  216)  is  a  toothed  boss 
keyed  firmly  on  the  shaft  d^  and  b  a  similar  toothed  boss 
capable  of  sliding  longitudinally  on  the  shaft  e  along  a 
'  feather  or  parallel  key,  which  prevents  it  from  turning 
round  independently  of  e.  So  long  as  the  shaft  d  re- 
volves in  one  direction  it  carries  the  other  shaft  e  round 
with  it ;  but  should  the  rotation  of  d  he  reversed,  the  pressure  on  the  inclined  faces 
of  the  teeth  causes  the  boss  b  to  slip  out  of  gear  with  a,  and  thus  to  uncouple  the  two 
shafts.  ^ 

When  it  is  desired  to  couple  or  uncouple  two  lengths  of  shafting  at  pleasure,  a  clutch, 
like  that  represented  in  Fig.  217,  is  generally  employed. 

A,  the  driving  shaft  on  which  is  keyed  firmly  a  half  clutch  C,  havi^  two  projec- 
tions fronf  its  face  ;   B  the  driven  shaft,  the  end  of  which  rests  in  the  hole  of  C,  and  on 

which  is  fitted,  by 
Vifeather  or  parallel 
key,  the  other  half 
clutch  D,  htving 
also  projections  on 
its  face  similar  to 
those    on    C.      A 
groove   is  formed 
in   D,  and   fitted 
with  a  ring  E,  put 
together  in  halves^ 
and    having    pins 
projecting  from  its 
opposite  sides, 
which  may  be 
taken  hold  of 
by  hand  or  by 
a  lever.    The 
half  clutch  D 
being  capable 
of  sliding  oq 
the    shaft  B, 
ean,  by  means 
of  the  ring,  be 
pushed  in  or 
out    of    gear 
with  C;   and 
^^^•2".  asthefeathet 

prevents  it  from  turning  on  its  shaft,  when  the  projections  on  it-  are  inserted  betweea 
those  in  the  other  half  dutch,  the  shaft  B  is  caused  to  revolve  by  the  rotation  of  A. 
Sometimes,  when  it  is  desired  that  the  strain  passing  through  any  diaft  shallbe  limited^ 
recourse  is  had  to  frictum-eoupHngs.  A  very  common  mode  of  forming  a  friction- 
coupling  is  to  key  on  one  length  of  shaft  a  boss  with  a  conical  hole  bored  in  its  faoe^ 
and  on  the  otherto  fit  by  a  feather  a  conical  boss  fitting  nicely  into  the  conical  hde. 
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When  the  one  is  pressed  into  the  other,  the  friction  of  the  conical  surfaces  causes  them 
to  reyolve  together ;  hut  should  an  excessive  resistance  he  opposed  to  .the  rotation  of 
the  driven  shaft,  the  friction  of  the  surfaces  proves  iosufficient  to  overcome  it,  and 
the  cone  on  the  driving  shaft  slips  round  that  on  the  other  without  driving  it. 

When  two  shafts  not  lying  in  the  same  straight  line  are  to  he  coupled,  recourse  is  had 
to  a  universal-joint.    On  each  of  the  two  shafts  A  and  B  (Fig.  218)  is  keyed  a  fork,  in  the 


ends  of  which,  at  C,  D,  E  and  F,  are  pivoted  the  ends  of  a  cross  G,  lo  as  to  permit  its 
partial  rotation  oa  either  of  its  two  axes  C  D  or  F  E.    On  A  heing  caused  to  revolve, 

the  cross  is  car- 
ried with  it 
round  its  centre 
0,  and  its  ends 
E  F  also  rotate 
round  the  same 
eentre,  giving 
rotary  motion 
to  the  other 
fork  and  shaft 
B,  the  pivoting 
(rfthe  cross  per* 
mitting  it  to 
Rccommodate  its  position  to  the  var3ang 
ohliqiiity  of  the  forks  during  their  rotation. 

Wlion  two  shafts  are  not  quite  in  the  same 
straight  line,  hut  nearly  so,  they  may  be 
coiiph  d  hy  cranks.  The  shaft  A  (Fig.  219) 
hEis  n  crank  and  pin  C  keyed  on  to  it,  and 
the  shaft  B  has  also  a  crank  D,  with  a  slot 
cut  in  it  to  receive  the  crank-pin  of  C.    The 


fig.  S19. 


pia  mast  be  sufficiently  long  to  allow  for  the  departure  of  the  two  cranks  firom  eacb 
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flther  by  dbliquity  of  position  (as  indicated  by  the  dotted  lines  representing  them  at'tne 
opposite  point  of  their  revolution) ;  and  the  length  of  the  slot  must  be  such  as  to  alloy 
for  the  difference  of  level  of  the  two  shafts. 

The  bearings  in  which  shafts  revolve,  are  technically  caMe^  pUloW'bloeks  or  plummer' 
-blocks.  They  are  generally  made  of  two  pieces  of  cast-iron,  the  bate  A,  and  the  Mp  B, 
lined  with  gun-metal  buthes  G,  each  half  a  cylinder. 

The  base, is  recessed  to  roeeiye  projecting  parts  of  the  cap.;  and  two  bolts  D,  with 

nuts  at  their  upper 
endS)  pass  througli 
tiolesinbothjSoag 
to  secure  the  cap 
firmly  on  the  base 
when  the  shaft  has 
been  laid  in  its 
place.  Thebasehas 
•projecting  flangea, 
with  iioles  E 
'through  which 
bolts  pass  for  se- 
curing the  tiwnr 
mer-bloek  to  the 
}>eam  or  firame  od 
which  it  may  be 
fiq^ed.  These  holes 
are  lengthened  to 
permit  a  little 
transverse  adjust- 
ment of  the  plum- 
meivblock.  The 
.cap  has  general^ 
,^n  0^-cup  in  its 
upper  jpart^  with  ft 
projecting  nipple 
.peiforated,throu^ 
which  a  cotton 
^•**'  wick    conveys  » 

supidy  Off  oil  to  the  surfaoe  of  the  shal^  acting  Vke  n  siphon  by  capillary  attraction. 
The  brasses  C  are  itometimes  made  square  or  octagonal  in  their  outer  sux^acos  to  preyest 
.them  from  turning  round  within  the  plummer-block ;  or,  when  they  are  quite  cylindrical, 
«mall  studs  or  steadyrpins  H,  projec^iDig  £^hx  them  into  holes  in  the  cap  and  base,  answer 
the  same  purpose.  The  shaft  has  collars  R  or  parts  of  larger  diameter  outside  thi 
brasses,  and  the  brasses  have  lips-OT  flanges  to  prevent  the  sha$  from  moving  longitudir 
nally;  As  the  shaft  or  brasses  wear  from  the  constant  friction,  the  cap  and  upper  brass 
vcan  be  more  tightly  screwed  down  by  the  nuts  of  the  bolts  D,  which  are  often  mads 
double,  so  that  the  one  nut  tightens  the  other  in  its  place,  and  prevents  it  from  becoming 
loosened  by  the  shaking  of  the  machinery. 

Of  late  years  many  bearings,  instead  of  being  fitted  with  gun*metal  bushes,  \Mf» 
kse».  liiued  wifii  ft  soft  metal,  i^  whjLch  Hn  is  the  principal  ingsedient 
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Fig.  221  repre8e^tB  atraasveise  section  of  a  bearing  lined  wUh -soft  m«tai;  A  the 

cant-iron  cap,  and 

B    the  base,  caat 

with  a  hole  larger 

than     the     shaft. 

D  D    soft   metal 

linings,  filling  the 

space  between  the 

surface  of  the  shaft 

and    that    of   the 

cast-iron.        The 

shaft,    6r   a  piece 

of   iron   of  equal 

size,    being    supi- 

perted  in  the  hole 

of  the  bearing,  the 

soft  metal  melted 

is  poured  into  the  *^* 

space  ;   igid  if  the  iron  has  becA  previously  heated  to  nearly  the  melting  temperature  of 

iJbLe  soft  metal,  the  latter  on  cooling  pre- 
sents a  smooth  internal  surface,  in  wnich 
the  shaft  revolves  with  little  friction  or 
wear.  A  very  good  soft  metal  for  this 
purpose  consists  of  tin  and  lead  in  equal 
proportions.  When  it  is  inconvenient 
ta  form  collars  on  the  shaft  to  prevent 
longitudinal  motion,  rings  £  bored  to  fi,t 
the  shaft  are  put  on  and  kept  in  their 
places  by  tightening- screws  pressinjg 
against  the  shaft. 

When  it  is  not  convenient  to  jtie.^  ^ 
shaft  in  plummer-blocks  supported  on 
waUs  or  beams,  they  may  be  made  to 
revolve  in  hanging  beapi^gs  .qcrewe^  up 
to  a  beam  above.  These  bearings  may 
be  lined  as  plummerrb^oclLS  with  gun- 
metal  or  soft  metal,  and  tjie  cap  tightened 
down  by  a  settiog-flcrew,  ^  indicated  iiji 
Fig-  2?2, 

When  it  is  4esired  to  convey  motion 
tram  (mp  shaft  to  another  lying  parallel 
to  it,  each  shaft  has  a  pulley  or  drun^ 
attached  to  it,  and  round  their  circum- 
ferences a  flexible  strap  or  band  is  tightly 
strained.     Thus  emdf  (Fig.  223)  being 

parallel  shafts  at  some  distance  i^art,  a  pulley  a  is  keyed  on  the  one  and  a  pulley  b  on. 

tike  other,  the  flexible   strap  passing  round  both.     On  rotary  motion  being  givei) 

pD  tfie  Biisft  <i  and  its  pulley,  fke  ftioti(M^  1;>etw.e!en  Ikhe  strap  and  its  ci|:icum|e):!^p.e 


Fig.  222. 
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Fig.  234. 


pats  the  former  in  motion,  and  it  oonreys  the  rotation  to  i  and  its  shaft  in  the  same 

direction. 

When  it  is  desired  to  rerane  the  direction  of  rotation,  the  strap  is  crossed  (Fig.  224). 

Also  when  a  diffierent  angular  Te* 
^^v  locity  of  rotation  is  desired,  the 
piilloTB  are  made  of  different  sizes. 
If  we  si^pose  that  the  driving  pulley 
has  a  drcnmferenoe  of  6  £set,  and 
the  driyen  pulley  a  circumference  of 
3  feet,  half  the  former;  since  the 
strap  traYels  at  the  same  rate  with 
^'      '  the  eaeamference  of   the   driving 

pulley,  and  causes  the  circumference  of  the  driren  pulley  to  moye  round  witk  equal 

Telocity,  it  is  clear  that  the  latter  must  make 

two  revolutions  round   its   axis  while  the 

former  makes  one ;  or  that  the  angular  velocity 

of  the  smaller  pulley  is  just  double  that  of 

the  larger,  because  its  circumference  is  half 

the  length.     If  we  take  the  circumferences  in  any  oUier  mtio  we  should  find  the 

angular  velocities  in  the  inverse  ratio.    As  the  circumferaices  of  circles  are  ezacUy 

proportional  to  their  diameters,  the  angular  velocities  of  pulleys  connected  by  straps 

are  inversely  as  their  diameters,  or  the  diameter  of  eadi  pulley  multiplied  by  its 

speed  gives  a  like  product     In  calculating  the  speeds  due  to  given  dimennons  of 

pulleys,  or  tixe  dimensions  suited  for  given  speeds,  we  have  therefore  the  following 

simple  rules : — 

Given  the  angular  velocity  of  one  of  two  pulleys  (in  the  number  of  revolutions  per 

minute)  and  the  diameters  of  both,  to  find  the  speed  of  the  other* 

J2mZ0.— Multiply  the  speed  of  the  first  by  its  diameter,  and  divide  by  the  diameter  of 

the  other. 

Example, — A  pulley  36  inches  in  diameter,  making  80  revolutions  per  minute,  drives 

a  pulley  24  inches  in  diameter :  required  the  speed  at  the  latter. 

— -- —  =120  revolutions  per  mmute. 

Given  the  angular  velocities  of  two  pulleys  and  the  diameter  of  one,  to  find  that  of 
the  other.  ^ 

£ule. — Multiply  thespeedof  the  fliatby  itsdiameter,  anddivide  by  thespeedof  theother. 

Example. — ^A  pulley  24  inches  diameter,  making  120  revolutions  per  minute,  drives 
another  at  80  revolutions  per  minute :  required  the  diameter  of  the  latter. 


120  X  24 


=r  36  inches. 


Pulleys  are  often  combined  with  direct  or  crossed  straps,  as  may  be  required,  in  order  to 
Vary  tiie  velocity  and  direction  of  rotation.  Thus  the  pulley  A  (Fig.  225),  24  inches  dia-. 
meter,  revolving  at  the  rate  of  10  revolutions  per  minute,  driv»  B,  12  inches  diameter,  at 

24  X  10 

20  revolutions,  because  — |j—  =  20.    On  the  shaft  of  B  is  fixed  a  pulley  C,  36 

inches  diameter,  revolving  at  the  same  speed  with  B,  and  driving  B,  12  inches  diameter^ 


by  a  crossed  strap  at  60  revolutions,  because 


20  X  36 
12 


=  60.     Again,  on  the  shaft  of  D 


(google 


Digitized  by 


CONIGAX  PULLEY& 


445 


-=180. 


is  another  pulley,  27  inohet  diftmeter,  rerolTing  witii  a  ipeed  of  60,  and  driying  F, 

9  inches   dia» 

meter,     at     a 

speed  of  180, 

because 

60X27 

9 

In  estimat- 
ing the  fimd 
■peed  produced 
by  such  a  traii^ 
of  pulleys,  it  is 
not  necessary 
thus  to  calcu« 
late  the  Telo- 
city of  each,  as 
we  find  the 
same  result 
by  multiplying 
the  initial  speed 
of  the  driver  A, 
by  the  product 
of  the  diame- 
ters of  all  the 
driyers    A,   0, 


Fig.  225. 

and  E,  and  dividing  by  the  product  of  the  diameters  of  those  driven,  B,  D,  and  P ;  or 
10  revols.  X  24  X  36  X  27         «.         ,     . 
12  X  12  X  9 =180  revolutions,  the  speed  of  F. 

when  it  is  desirable  to  have  the  power  of  varying  the  speed  of  machinery 

driven  by  a  strap,  the 
pulleys  are  elongated  and 
made  conical,  and  the  strap 
is  shifted  longitudinally  to 
such  a  position  as  shall 
give  the  speed  required. 
Thus,  if  a  a  be  the  driving- 
shaft,  revolving  24  times 
per  minute,  and  it  be  de- 
sirable that  b  b  shall  be 
driven  at  any  speed  from 
8  to  72  revolutions  per 
minute,  each  pulley  being 
made  conical  with  tbe 
larger  end  3  times  the 
diameter  of  the  smaller, 
the  strap  c  may  be  shifted 


Fig.  226, 


from  one  end  to  the  other  to  give  the  desired  variation  of  speed.    Nor  is  the  tightness  of 
the  strap  materially  altered ;  for  as  it  is  made  to  pass  round  a  large  circumference  of  the 
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one,  it  passes  round  a  smaller  circumierence.of  the  other^  and-  gains  nearly  aa  much  as 

it  loses.  Most  of  the  machines  that  are  driven  by 
straps  do  not  require  bo  nice  an  adjustment  oi 
Telocity,  but  act  very  well  at  various  speeds  within 
certain  limits.  In  such  cases  the  conical  pulleys  are 
made  with  regular  stepSj  or  consLst  each  of  a  set  of 
pulleys  placed  side  by  side,  having  diameters  in- 
ereasing  armuch  in  the  one  as  they  decrease  in  the 
other  (Fig^227).  Thucr,  if  the  driving^shaft  make  48 
revolutions  per  minute,  the  driven  shaft  maybe  made' 
to  revolve  at  the  fc^owing 
different  speeds: — 48  X 

H  =  i92,  48X^^=72, 


48  X  ,4o  =  32,  and  48  X 


16 


=  12  revolutions  per 


Fig.  228. 


minute ;  the  diameter  be- 
ing 16, 12,  8,  and  4  inches 
in  each. 

Occasionally,  a  strap 
may  be  employed  when  it 
is  desired  that  the  motion 
shall  be  changed  trans- 
versely, as  indicated  in 
Fig.  228.  In  such  a  case 
^*  227*  it    is    necessary  to  have 

"Tery  wide  pulleys,  a  and  J,  because  the  two  parts  of  the  strap  e  and  e^mustpass  obliquely 
over  their  surfaces.  This  mode  of  employing  a  strap  is,  however,  very  disadvantageous^ 
ibT  the  strap  must  be  continually  slipping  longitudinally  along  the  fikoe  of  each  pulley, 
and  thereby  be  subjected  to  friction  and  wear. 

In  a  manufactory  where  numerous  machines  are  employed,  it  is  essential  to  have  a 
ifeady  means  of  throwing  any  of  them  into  action  or  out  of  action  at  pleasure.    When  the 

machine  is  driven  by  a  strap,  this  opera- 
tion is  conveniently  effected  by  what 
ai^  called  iSkefast  and  looser  or  the  live 
and  <J4^'pulleys ;  that  is  to  say,  two 
pulleys  of  equal  size  placed  side  by 
side  on  tiie  shaft,  one  being  firmly  fixed' 
tb  the  shaft  by  a  key  so  as  to  revolve 
with  it,  while  the  other  revolves  fireely 


R. 


TJ 


Hg.28&. 


Dti  the  shaft.  When  it  is  desired  to  put  the  ifiachine  in  action,  the  band  is  put  on  the 
foiit  pulley,  and  &us  gives  miofion  to  the  shaft  or  receives  motion  from  it.  For  throwing 
the  machine  out  of  aed«n,»  the  band  is  shifted  on  to  the  circumference  of  the  loose  pulley,  - 
wbieh  revolves  idly  on«&e  shaft.  The  shifting  of  the  strap  from  the  one  pulley  to  the 
other  is  effected  by  means- of  the  striking  gear,  a  forked  lever  fed  (Fig.  230)  movingi 
&n  &  pivottf,  and  holding.^  the  strap  e  within  its  forked  part  d.    By  pulling  round  tlic- 
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IftndSie  /  of  the  leyer,  the  band,  being  preaaed  edgeways  by  one  side  of  &e  foric,  is 

pushed  giadually  on  to  the  fast  puUey  a  or  the  loose  pulley  b  at  pleasure.    It  would-  be 

difficult  thus  to  shift  a  tight  strap  when 

Kt  rest;  but  while  it  is  in  motion,  with 

the  piessure  of  the  fork  directed  on 

it,  it  is  gradually  edged  off  from  its 

iformer  position.    For  this  reason,  the 

fut  and  Iqom  pulleys  should  always  be 

placed  on  the  driven  shaft,  because, 

were  they  placed  on  the  dming  shaft, 

the  band  when  on  the  loote  pulley, 

being   at   rest,  could  not  easily   be 

shifted. 

In  order  that   straps,  which  are 

generally  made  of  leather  or  gfttta^ 

perehtk,  may  act  well  without  slipping 

ineffectively  along  the  surfaces  of  the 

puUeys,  they  should  be  tightly  strained 

into  their  place.    The  pulleys  should 

-be  turned  true  and  smooth  on  their  ^* 

circumferences,  for  the  smoother  the  pulley,  the  more  driving.  Motion  appeart  tb  talce^ 

place  between  its  sujfaoe  and  that  of  the  strap.    When  the  straps  is  net  sufficiently 

tight,  or  does  not  take  sufficient  hold  of  the  pulley  to  drive  the  msichinery  with  which 

it  is  connected,  it  must  be  made  of  greater  bveadl^  and  strained  more  tightly.     Some- 
times, when  a  strap  slips,  powdered  ream  ib  strewn  upon  its  inner  surface  with  good 

effect. .  The.  greater  the  are  of  the  cireumferenoe  which  a -strap- embraces,  the  firmer  il^ 

its  hold,  or  the 
kss  tendency  hn 
it  to  slip ;  and  the 
gi^ateer  the  width 
of  the  strap,  the 
more  firm  is  its 
hold.  The  diame- 
ter of  the  pulley 
does  not  affect  the 
slip  of  the  strap, 
except  when  the 
diameter  is  very 
small,  while  the 
stfap^is  rigid,  and 
flot  easily  bent 
elosely  round  the 
eircumferenoe. 
»  Were  strapsper- 
fectly  flexible,  it 
^•2»l.  ^ould  be  found 
that,  with  a  given  breadth  and  tightness,  the  driving  power  would  be  the  same  for  all 
duun6ten.of  pulleys. 
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It  is  often  convenient  to  use  cyHndrioai  bands  or  corda,  made  of  catgut  or  gutta- 
percha, instead  of  flat  straps  (Fig.  231).  In  such  cases,  the  pulley  is  grooved  in  Jiie 
circumference^  and  the  band  wedges  itself  into  the  groove,  and  thus  exerts  sufficient  Mo^ 
tion  on  the  oiroumference  for  the  communication  of  power  fix)m  one  pulley  to  another. 
The  principal  advantage  of  bands  of  this  kind  is,  that  by  meanfl  of  guide  pulleys, 
A  and  B,  grooved  in  the  circumference,  the  band  may  be  led  in  almost  any  direetion  on 
the  plane  of  tbe  pulley,  or  oblique  to  it. 

Straps  are  best  suited  for  machinery  driven  at  high  speeds,  with  small  preasures ; 
they  are  cheap,  convenient,  and  smooth  and  noiseless  in  their  action;  and  when  any 
undue  strain  comes  upon  the  machinery,  they  slip,  and  thus  act  as  a  safeguard  against 
damage.  But  for  all  machinery  intended  to  communicate  heavy  strains  through  their 
parts,  as  in  cranes,  and  whenever  certainty  of  connection  between  one  moving  part  and 
another  is  required,  as  in  clockwork,  recourse  must  be  had  to  gearing,  or  toothed 
wheels. 

Toothed  Wheels.— Were  we  to  mount  two  wheels  on  parolld  axes,  so  that  their 
drcomferences  touch  each  ether,  by  causing  the  one  to  revolve  we  should  also  cause  the 
other  to  revolve,  |>rovided  the  friction  between  their 
surfaces  at  the  point  of  contact  were  sufficient  to 
overcome  such  resistance  as  Miight  be  presented  to  the 
rotation  of  the  driven  wheel.  Practically,  this  fiie- 
tion  is  not  suf- 
ficient in  ordi- 
nary cases,  and 
it  becomes  ne- 
cessary to  fit  the 
cogs,  or  projec- 
tions and  recesses  at  corresponding  intervals, 
80  that  each  tooth  of  the  one  fits  successively  into  each  recess  of  the  ot^er.  By  this 
arrangement,  the  direction  of  rotation  is  reversed,  as  indicated  by 
the  arrows  in  Fig.  232.  When  it  is  desired  that  the  direction  of 
rotation  be  retained  the  same,  it  is  twice  reversed  by  the  intro- 
^^•vrv  %>\\  ductionof  an  intermediate  wheel  (Fig.  233).  Sometimes  wheels 
y^ — flV^W  ^^  geared  internally  b  (Fig.  234),  where  a  is  a  portion  of  the  one, 
f  I  ^^^  A?  1 1  and  h  b  part  of  the  circumference  of  the  other.  In  this  case, 
the  direction  of  rotation  is  not  reversed. 

By  means  of  toothed  gearing,  the  angular  speed  of  rotation 
may  be  altered  at  pleasure,  as  will  be  evident  from  the  following 
considerations.  The  wheel  a  (Fig.  232)  has  45  teeth,  and  therefore 
during  each  revolution  presents  45  successive  recesses  for  the 
teeth  of  by  which  number  22.  For  every  revolution  of  a, 
therefore,  b  must  make  2  revolutions  and  advance  the  space 
of  1  tooth,  because  2  X  22  -|-  1  =  45;  during  2  revolutions 
of  a,  ^  makes  4  revolutions  and  2  teeth ;  and  so  on,  until  a  has  made  22  revolu- 
tions, or  caused  22  X  45  =  990  of  its  teeth  to  pass  the  point  of  gear,  in  which  time  b 
must  have  made  45  revolutions,  or  caused  45  X  22  =  990,  the  same  number,  to  pass 
the  point  of  gear.  And  so  it  would  be  found  with  any  other  nimiber  of  cogs,  that  the 
ftPgnlRr  velocities  of  the  geared  wheels,  or  the  number  of  revolutions  they  make  in  a 
given  time,  are  inversely  as  the  nimibers  of  their  teeth.    When  an  intermediate  wheel 
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18  employed  as  b  (Fig.  233),  it  only  afEects  direotlon  of  rotation,  not  the  speeds  of  the 
extreme  wheels.  Thus  if  a  (Fig.  233)  haye  34  teeth,  and  b,  the  intermediate,  have  20 
teeth,  the  angular  Telocity  of  a  is  to  that  of  6  as  20  to  34 ;  or  if  we  take  the  speed  of  a 

34 
as  1,  the  speed  of  5  is  ^i*    M^t  ^  ^  ^^^  ^7  teeth,  its  speed  is  to  that  of  £  as  20  to 

27,orit  is^^thsof  thespeedof  *,  that  is  ^  X  | J  =  ||ths  of  the  speed  of  a.    But, 

did  we  leaye  the  intermediate  wheel  out  of  consideration,  we  find  that  were  a  with  34 

teeth  to  drive  e  with  27,  the  speed  of  c  would  he^T=ths  of  that  of  a,  the  same  result  as 

before,  though  in  the  opposite  direction.  The  same  principle  applies,  whatever  he  the 
numher  of  intermediate  wheels,  for  the  speed  of  the  first  and  last  will  always  he  to  one 
another  inversely  as  their  respeetive  numbers  of  teeth. 

If  irom  the  centres  of  two  geared  wheels  A  B  circles  be  drawn  touching  each  other  at 

apoint  midway  

betweenthe  ex- 
trem©  projec- 
tions of  their 
teeth,  these  cast" 
oles  are  called 
ike  pUek  lines 
orcirdesof  the 
teeth,  and  their 
(nroamferenees 
bfliBg  equally 
divided,  give 
the  Hitervals 
fit>m  tooth  to 
tooth  in  each, 
ori^art  is  tech- 
nically called  the  pitch  of  the  teeth. 


Tig.  235. 


When  we  speak  of  a  wheel  of  1  inch  pitch  or 
2  inches  pitch,  we  mean  that  the  distanee  measured  from  the  centre  of  one  tooth  to 
that  of  the  next  (these  centre  points  being  taken  on  the  pitch  circle)  is  1  inch  or  2 
inehes,  as  the  case  may  be.  In  F^.  235,  the  distance  between  any  two  adjoining  points, 
where  the  dotted  radii  from  A  and  B  cut  the  pitch  circles,  is  the  pitch  of  either  wheel,  and 
these  pitches  are  necessarily  equal  in  length  in  order  that  the  wheels  may  gear.  But  as 
this  distance  is  the  interval  between  the  central  points  measured  in  a  straight  line,  or  along 
tile  chord  of  the  small  arc  intercepted  between  them,  it  does  not  accurately  correspond  to 
the  length  of  the  arc.  The  larger  the  circle  of  which  the  arc  is  a  portion,  and  the  smaller 
the  pitch  or  portions  into  which  the  circmnference  is  divided,  the  more  nearly  do  the 
circular  arc  and  its  chord  approach  to  equality.  Accordingly,  in  cases  of  nearly  equal 
wheels,  or  whenever  the  pitch  is  small  in  proportion  to  the  dimensions  of  either  wheel, 
the  more  nearly  do  the  niiimbers  of  teeth  express  the  proportions  of  the  circumferences. 
But  the  circumferences  of  circles  being  exactly  proportional  to  their  diameters,  the 
numbers  of  teeth  are  very  nearly  in  the  same  proportion ;  and  the  angular  velocities 
of  geared  wheels  are  therefore  inversely  as  the  diameters  of  their  pitch  circles. 

When  there  is  a  train  of  geared  wheels,  so  arranged  that  the  first  shall  drive  the 
second — ^that  the  third,  fixed  on  the  shaft  of  the  second,  shall  drive  the  fourth — ^the  fifth, 
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fixed  on  the  shaft  of  the  fourth,  shall  driye  the  sixth,  and  so  on, — we  readily  find  the 
angular  yelocity  of  any  wheel  in  the  train  thus. 

£i4U, — ^Multiply  the  angular  Telocity  of  the  first  driver,  by  its  number  of  teeth  or 
diameter,  and  by  ib.e  numbers  of  teeth  or  diameters  of  all  the  driyers,  and  divide  the 
result  by  the  product  of  the  numbers  of  teeth  or  the  diameters  of  all  the  driven  wheels. 

Example. — Wheel  1,  36  inches  diameter  with  72  teeth,  making  120  revolutions  per 
minute,  drives  wheel  2, 12 ins.  diam.  with  24  teeth;  on  the  shaft  of  wheel  2,  is  fixed 
wheel  3,  10 ins.  diam.  with  30  teeth,  driving  wheel  4,  6 ins.  diam.  with  18  teeth: 
required  the  speed  of  wheel  4. 

120  rev.  X  36  ins.  X  10  ins.        120  rev.  X  72  teeth  X  30  teeth       .^- 

; : or    z — z =600  rev.  per  mm. 

12  ins.  X  6  ins.  24  teeth  X  18  teeth  ]f^uuu. 

From  the  general  principle  of  mechanics,  that  no  power  can  he  gained  or  lost  in  any 
train  of  mechanism,  but  that  only  the  two  elements  of  power,  pressure  and  velocity, 
can  be  interchanged,  irrespective  of  friction  or  other  useless  resistances,  it  follows  that 
at  the  end  of  any  train  of  wheels,  the  power  is  the  same  as  at  the  beginning ;  but  the 
velocity  being  different,  the  pressure  or  strain  on  the  teeth  must  be  different  also.  In 
the  example  we  have  given,  if  we  suppose  that  1  horse-power  has  given  motion  to 
wheel  1,  we  should  expect  to  get  1  horse-power  from  wheel  4 ;  but  as  the  speed  of 
wheel  4  is  five  times  that  of  wheel  1,  so  the  pressure  exerted  by  it  at  any  point  is  ^th 
of  that  exerted  by  wheel  1  at  a  point  equally  distant  from  its  axis.  To  show  that  this 
is  true,  not  only  in  general  terms  but  in  the  particular  case,  we  shall  suppose  1  horse- 
power passing  through  the  teeth  of  wheel  1,  18  ins.  from  its  axis.  The  teetii  of  wheel  2 
being  in  contact  with  those  of  wheel  1,  receive  its  frill  power  at  6  ins.  from  its  axis,  and 
convey  it  through  its  shaft  to  the  teeth  of  wheel  3,  distant  5  ins.  from  its  axis,  and 
therefore  sustaining  a  pressure  of  f  ths  of  the  original  pressure.  Again,  this  strain  being 
given  to  the  teeth  of  wheel  4  at  3  ins.  from  its  axis,  is  equivalent  to  i^ths  of  f  =  ^th  of 
the  original  pressure  estimated  at  18  ins.  from  the  axis  of  the  last  wheel.  In  any  train 
of  wheelworl^  then,  we  may  safely  diminish  the  razes  and  strengths  of  the  teeth  aa 
their  velocity  increases ;  and,  conversely,  we  should  increase  their  strengths  as  the 
velocity  diminishes. 

One  of  the  most  important  matters  connected  with  toothed  wheels  refers  to  the 
forms  or  outlines  of  the  teeth.  It  is  to  be  desired  that  engineers  generally  should 
determine  on  some  standard  form,  so  that  all  wheels  of  equal  pitch  should  work  or  gear 
properiy  together.  Unfortunately  this  is  not  the  case :  the  wheel  made  by  one  machinist 
is  unsuited  to  that  made  by  another :  it  often  becomes  necessary  to  make  costly  patterns 
of  wheels  to  suit  some  that  may  have  been  already  made ;  these  patterns,  again,  are  not 
suited  for  other  cases ;  and  thus  a  great  amount  of  time,  labour,  and  material  is  mis- 
applied in  a  matter  where  a  little  harmony  among  the  views  of  machinists  might  do 
much  to  avoid  these  evils.  That  such  a  mutual  imderstanding  is  not  impossible,  may  be 
proved  by  the  fact,  that  in  i^  similar  case,  that  of  screw-threads,  among  which  there  once 
existed  quite  as  great  a  variety,  almost  all  engineers  now  adhere  to  certain  forms  and 
proportions ;  so  that  the  screw  which  fits  one  nut,  readily  fits  any  other  nut  of  equal 
diameter,  wherever  the  screw  or  l&e  nut  may  have  been  manufactured.  Perhaps  the 
principal  cause  of  difference  in  the  forms  of  teeth  has  be^i  the  want  of  knowledge 
among  practical  men  as  to  what  the  true  forms  should  be.  Much  has  been  written  on 
this  subject,  but  a  great  deal  is  of  too  abstruse  a  character  to  be  generally  understood  or 
appreciated ;  and  the  practical  mechanic  desiring  information  is  disoouraged  by  the 
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difficulties  with  which  the  subject  appears  to  be  invested.  We  will  endeavour  to  point 
out  as  simply  as  possible  the  laws  which  should  govern  the  forms  of  teeth,  and  to  lay 
down  a  few  easy  rules  for  delineating  and  executing  them. 

K  we  suppose  A  and  B  (Fig.  236) 
to  be  the  bosses  or  central  parts  of  ^--,^  -**'''^^^ 

two  wheels  having  straight  teeth  "^^        v-'^ 

or  flat  blades  C  and  D  projecting  ^^^  \ 

from  them  respectively.  On  tracing        ^^^^H^^^      9^'*j-  j^'  '''~^^'  ^■ 

seyeral  positions  of  these,  such  as     i^^^^^^^^K^^^^^Ap*   ^'  ^. 

Ci  Ca  and  D^  Dj,  we  observe  that    /  ^^HL£!^i  \ 

there  must  be  considerable  ine-   I  ^^BHlH||Kl  \ 

qualities  in  their  relative  move-    \  I  \'         %  f 

ments;  or  if  Cj  and  Cj  make  equal  J     - 

angles  with  the  line  of   centres        ^,.  ^^  ^'         ' 

A  B,  Di  and  Dgdo  not  make  equal  ^^'^•-_— — -^  v- 

angles  with  the  same  line.    Again  /  ^v 

we  observe  that  the  points  of  each  ,,--'  "^^ 

tooth  must  rub  along  the  flat  sur-  "^--.-. 

face  of  the  other  in  the  course  of  ^^'  ^^^* 

the  motion ;  and  were  this  form  of  tooth  practically  carried  out,  the  cutting  and  wear 

would  be  considerable.     But  if, 
^^/  as  in  Fig.  237,  the  wheel  B  have 

—  "  - —  a  tooth  D  of  some  curved  outline, 

we  may  perhaps  find  some  par- 
ticular curve  for  the  face  of  tooth 
C,  such  that  an  equable  move- 
ment of  the  one  wheel  shall  pro- 
duce an  equable  movement  of  the 
other,  and  that  the  surfaces  of  the 
/  x^  ^p-^         two  teeth  shall  rather  roll  along 

each  other  than  rub  with  a  push- 
ing or  sliding  movement.     Now, 
Fig.  287."^  although  it  may  be  generally  pos- 

sible to  find  a  proper  form  for  0, 
whateyer  be  the  form  of  D,  yet  it  is  desirable  for  many  reasons  that  both  these  curves 
should  be  traced  according  to  some  fixed  type,  which  shall  be  constant,  whatever  the 
dimensions  of  the  wheels  or  their  numbers  of  teeth.  If  we  examine  somewhat  closely 
the  relative  motions  of  two  toothed  wheels,  we  may  perhaps  discover  an  appropriate 
form  for  their  teeth. 

If  A  B  (Fig.  238)  represent  a  strap  passing  round  the  circumferences  of  two  equal 
pulleys,  and  therefore  touching  both,  and  if  through  C,  the  middle  point  between  their 
centres,  two  circular  arcs  be  described,  these  may  represent  the  pitch  circles  of  two  equal 
toothed  wheels,  whose  relative  rotation  should  be  precisely  the  same  from  the  gearing 
as  it  is  from  the  motion  of  the  strap,  unwinding  frx)m  the  one  pulley  and  winding  on  to 
the  other.  But  farther,  if  we  continue  the  lines  A  B  and  D  £,  and  from  some  other 
point  F  in  D  E  describe  a  circle  touching  A  B  in  G,  and  another  circle  (dotted) 
through  the  point  C  ; — since  F  C  bears  the  same  ratio  toCEasFGtoEB,  it  appears 
that  the  rotation  of  the  large  wheel,  if  geared  with  the  other  at  C,  should  be  precisely 
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Fig.  238. 


the  same  aB  if  it  were  caused  by  the  strap  winding  on  to  its  pulley,  of  which  F  G  is  the 

radius.  If  we  assume 
the  angular  yelocity 
of  the  pulley  D  to  be 
uniform,  the  recti- 
lineal yelocity  of  the 
strap  A  B  G  must 
also  be  uniform,  and 
likewise  the  angu- 
lar velocities  of  the 
wheels  E  and  F. 
Whatever,  then,  be 
the  relative  sizes  of 
the  geared  wheels, 
the  rectilineal  motion 
of  the  strap  with  re- 
lation to  the  rotary 
motion  of  any  one 

of  them  is  always  constant ;  and  if  from  this  relation  we  can  trace  out  a  form  of  tooth, 

that  form  will    apply   in    all 

cases,  whatever  be  the  diameters  n^^ 

of  the  wheels  that   are  geared  ^^\         /' 

together. 

In  order  to  avoid  complexity, 

let  us  first  take  one  wheel,  suppos- 
ing it  a  circular  disc  of  paper,  of 

which  H  M  K  (Fig.  239)  is   a 

portion  of  the  circumference,  and 

let  us  suppose  that  the  strap  A  B 

has  a  pencil  projecting  from  it 

at  some  point  P,  so  that  as  the  disc 

rotates  while  the  strap  travels, 

the  pencil  shall  trace  on  the  disc 

a  line  L  P  M,   compoimded   of 

these  two  motions.    If,  now,  we 

take  the  other  wheel  (marked  by 

the  dotted  lines),  and  suppose  its 

disc  extended  to  B  Q  overlapping 


D 


the  former,  the  same  pencil  would  trace  a  corresponding  line  N  P  Q  on  it.  Now,  as 
the  curves  thus  produced  are  traced  by  the  same  point  in  the  band,  and  under  precisely 
similar  conditions  of  uniform  rotation,  we  might  cut  the  paper  discs  to  their  outlines, 
and  making  them  rotate  in  contact,  we  should  obtain  that  uniform  relative  motion 
which  is  required.  The  mathematical  name  of  each  of  the  curves  so  described  is  the 
involute  of  the  circle^  because  it  is  produced  by  the  point  of  a  thread  wound  on  to 
(involuttm)  a  circle,  or  wound  off  from  a  circle.  The  nature  of  the  curve  may  be  best 
understood  by  reference  to  Fig.  240. 

If  a  be  the  centre  of  a  circle  or  plan  of  a  roller,  on  which  is  wound  a  thread  having 
its  end  at  «,  a  pencil  or  tracing-point  being  fixed  at  the  end  of  the  thread  will  trace 

UiyiiizbUUy  Google 


TflE    INVOLUTE    OF   A   CIRCLE. 


453 


the  involute  c^  I,  g,  as  the  thread  is  unwound ;  or  'i  g  being  the  unwound  thread,  its 
point  will  trace 
the  involute  as 
it  is  wound  on 
the  drcle.  If 
we  divide  the 
circumference 
into  any  num- 
ber of  equal 
parts  at</,<?,/,^, 
&c.,  and  from 
these  points 
dre  V  tangents 
or  lin<;8  touch- 
ing the  circle, 
at  right  angles 
to  the  radii  adj 
ae,  off  &c.,  re- 
Bpectively,mak- 
ing  the  lengths 
of  the  tangents 
equal  to  the 
lengths  of  cir-  Kg.  240. 

cumference  measured  round  from  c,  the  curve  joining  the  extremities  of  the  tangents  is 
the  involute — the  proper  outline  for  the  teeth  of  wheels,  as  we  have  just  described.  In 
applying  this  theory  to  the  practical  formation  of  teeth,  we  do  not  find  it  necessary  to 
describe  the  actual  involute  form,  because  the  portion  of  the  curve  that  belongs  to  any 
tooth  is  so  small  that  we  can  draw  a  circular  curve  so  near  to  the  involute  as  to  cause 
no  material  error  in  working.  Thus  if  C  (Fig.  241)  be  the  centre  of  the  wheel,  and 
A,  B  the  centres  of  two  adjoining  teeth  on  the  pitch  circle,  small  circles  being  described 
round  those  centres  to  fix  the  breadth  of  each  tooth  D  E  and  F  G,  and  H  M  N  being 
part  of  the  generating  circle  of  the  involutes,  the  portion  H  K  of  any  involute  H  K  L 
very  nearly  corresponds  with  a  circular  arc  of  which  M  is  the  centre,  and  the  radius 
D  M  is  a  tangent  to  the  generating  circle  H  M  N  at  M.  In  practice,  therefore,  it  is 
only  necessary  to  determine  the  circle  H  M  K,  and  the  length  of  the  radius  J)  M,  for 
describing  the  curved  sidjes  of  the  teeth.  From  what  has  preceded,  it  is  clear  that  we 
may  take  any  convenient  generating  circle  H  M  N,  but  that  whatever  be  the  one  we 
m^y  select  for  any  one  wheel,  that  for  any  other  wheel  gearing  with  the  former  must 
be  proportional  to  it.  It  is  found  practically  convenient  to  make  the  radius  D  M  with 
which  the  side  of  the  tooth  is  described  Jth  of  the  pitch  radius  C  A,  and  the  generating 
circle  or  locus  of  centres  H  M  N  should  be  described  within  the  pitch  circle,  the  in- 
terval between  them  A  P  being  Jth  of  D  M,  or  ^jj'jfnd  of  C  A.  If  this  rule  be  adhered 
to,  all  wheels  of  equal  pitch  will  gear  with  one  another,  whatever  be  their  dia- 
meters. In  drawing  or  setting  out  teeth,  then,  the  following  process  will  be  found 
Q(ni.yanieDt : — 

1st.  From  the  centre  C,  with  radius  C  A,  describe  the  pitch  circle  and  divide  it  by 
the  compasses  into  equal  parts  A  B,  each  equdl  to  the  given  pitch.  The  pitch  radius 
may  be  determined  by  the  following  rule  : — 
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Multiply  the  number  of  teeth  by  7  times  their  distance  apart,  or  pitch,  and  divide  by  44. 

Example, — Bequired  the  pitch  radius  of  a  wheel  having  28  teeth  of  f  inch  pitch. 
28  X^  X  7  _  g.g^ J  j^^j^^  ^^    .^j^  TdidiMa, 
44 

NoTB. — ^When  the  number  of  teeth  is  small  and  their  pitch  considerable,  the  pitch 
radius  must  be  a  little  increased,  as  will  be  found  necessary  on  trying  the  division  of 
the  circumference. 

2nd.  Round  the  centres  A,  B  describe  circles,  each  of  diameter  somewhat  less  tiian 
half  the  pitch :  to  determine  the  breadth  of  the  teeth.  The  reason  for  making  the  breadth 
of  teeth  less  thaa  half  the  pitch,  \%  to  give 
a  little  room  or  clteaj'aiic^  in  the  apa^i^s 
between  them,  so  that  in  the  ev&nt  of  alight 
irregularities  ocuurrmg  in  the  workman* 
ship,  the  teeth  of  two  wheels  may  not 
become  bound  or  locked  into  m-^(^  other. 
When  the  teeth  art*  cut  by  maobincry  to 
their  exact  formj  this  clearance  ia  net  neces» 

sary ;    but  

when  they  ^__ - — ^ 

are  merely  ^  ^^-'^^'    .  ^  -.  ,^^ «^ ^_ 

cast     and 

not  shaped  afborwards,  thare  should  be  an 
allowance  of  aboiit  ^nd  of  an  inch  for 
each  inch  of  pitch— that  is  to  say,  if  A  B 
be  1  inch,  D  E  ahould  be  \  an  ioch,  want- 
ing And  of  an  inchj  or  ^nda  of  an  Injch, 
while  E  F  is  J  of  an  inch  and  :^nd  of  an 
inch,  or  ^n^  of  an  inth.  Were  A  B 
2  inches,  then  D  E  would  be  ^Jths  of  an 
inch,  and  E  F  iithB  of  an  inch,  &ad  eo  on 
in  like  proportioa- 

3rd.  Take  A  Q  =  Jth  of  A  C,  and 
A  P  =  Jth  of  A  Q,  and  from  the  centre  C 
describe  through  P  a  circle  of  centres  H  M  N. 

4th.  From  the  points  D,  E,  F,  G,  with  radius  A  Q  in  the  compass,  mark  off  the 
points  £,  S,  T,  U  on  the  cirde  H  M  N,  and  from  these  points  as  centres,  with  the  same 
radius  A  Q,  describe  the  curved  sides  of  the  teeth  as  Y  H  D  K. 

5th.  It  now  only  remains  to  determine  the  tops  of  the  teeth  and  the  bottoms  of  the 
spaces  between  them.  The  spaces  should  have  somewhat  greater  depth  below  the 
pitch  circle  than  the  height  of  the  teeth  beyond  it  to  allow  the  teeth  to  clear ;  and  it  is 
convenient  both  for  giving  strength  of  form  to  the  teeth  and  for  providing  this  clearance 
of  the  teeth,  especially  in  case  of  dirt  getting  between  the  gearing,  to  make  the  bottom 
of  the  spaces  semi-circular.  It  will  be  found  convenient  to  make  A  W,  the  height  of  the 
point  of  the  tooth  above  the  pitch  circle,  half  the  space  E  F  between  two  teeth,  and  A  K 
the  depth  of  the  space  below  greater  than  A  W  by  yth  of  an  inch  for  every  inch  of  pitch ; 
and  circles  described  through  WandX  will  determine  the  tops  of  teeth  and  bottoms  ofspaces. 

In  the  case  of  internal  gearing  (as  represented  in  Fig.  242),  the  form  of  teeth  may 
be  developed  on  principles  similar  to  those  we  have  adopted  for  external  gearing.    If 
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A  B  (Fig.  242)  be  the  pitch  radius  of  the  wheel,  F  B  G  being  a  portion  of  the  pitch 
circle,  and  G  B  the  pitch  radiuB  of  the  pinion  working  within  it,  and  if  on  the  axes  of 
the  wheel  and  pinion  we  suppose  pulleys  to  be  fixed,  having  radii  A  D  and  C  £  respeo- 
tirely  proportional  to  the  pitch  radii,  a  band  £  D  winding  off  the  one  and  on  to  the 
other  pulley  would  give  them  the  same  relative  angular  velocitieg  as  would  be  produced 


^  Pig.  242. 

by  the  friction  of  their  circumferences  at  B.  And  D  E,  the  common  tangent  of  the  two 
pulleys,  which  when  prolonged  must  always  pass  through  B,  may  be  supposed  to  have 
a  pencil  fixed  to  its  prolonged  part,  tracing  on  the  planes  of  the  revolving  wheel  and 
pinion  the  outline  of  their  respective  teeth,  which  would  manifestly  be  involutes  of  the 
generating  circles  D  and  E. 
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The  inelination  of  I)  B  being  the  same  as  fhat  adapted  for  external  gearing,  the 
teeth  of  the  pinion  would  evidently  be  the  same,  but  the  teeth  of  the  wheel  would  be 
similar  in  form,  not  to  the  teeth  of  an  externally  geared  wheel,  but  to  the  spaces  between 
them.  L  being  the  centre  of  the  wheel,  L  H  =  Hnds  of  the  pitch  radius,  and  H  K = j;di 
of  the  pitch  radius,  the  side  of  a  tooth  at  K  is  part  of  a  circle  described  with  radiua 
K  H.  The  tops  of  the  teeth  in  this  case  project  within  the  pitch  circle  as  far  as  in 
external  gearing  they  project  beyond  it,  and  the  bottoms  of  the  spaces  may  be  made 
semi-circular,  and  of  deptii  similar  to  that  determined  for  external  gearing. 

The  gearing  we  have  hitherto  described  applies  only  in  the  case  of  wheels  revolving 
in  one  plane  or  on  parallel  axes. 

AVhen  the  axes  are  not  parallel,  it  is  necessary  to  employ  bevil  gearing.  Let  A  B  and 
A  0  (Fig.  243)  be  the  two  axes  meeting  in  A,  and  D  E  and  E  F  the  proper  diameters 
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Fig,  243. 

of  the  wheels  to  give  the  required  speed ;  if  we  suppose  the  cones  D  A  E,  F  A  E  to 
roll  upon  one  another  touching  along  the  line  A  E,  then  the  velocities  of  their  touuh- 
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ing  surfticefl  will  be  equal  at  any  point,  such  as  H,  along  the  cone,  because  L  M  and 
K  M,  the  radii  of  rotation  at  that  point,  bear  the  same  proportion  to  each  other  as  G  E 
and  H  E  the  radii  at  any  other  point  E,  and  therefore  the  circumferences  at  these  points 
are  in  like  proportion.  Taking  a  portion  of  each  cone  (that  shaded),  if  we  conceive 
their  meeting  surfaces  at  M  E  to  have  sufficient  fidction,  by  causing  one  to  rotate  round 
its  axis  we  should  also  cause  the  other  to  rotate.  But  as  practically  the  friction  is  not 
sufficient,  it  is  necessary  to  cut  the  surfaces  of  the  eones  into  teeth  and  spaces,  as  in 
plain  gearing.  It  is  evident  that  these  teeth  must  tape  towards  A,  both  in  width  and  in 
height.  If  a  line  C  E  B  be  perpendicular  to  A  E,  and  N  and  P  the  tops  of  the  teeth  at 
E,  the  converging  lines  A  N  and  A  P  will  define  the  tops  of  the  teeth  along  their  whole 
extent.  And  again,  if  Q  R  be  the  breadth  of  a  tooth  at  H,  the  converging  lines  A  Q  and 
A  B  will  define  the  tapering  breadth.  The  line  P  N  is  part  of  the  boundary  of  conical 
surfeces,  of  which  C  is  the  apex  for  the  one  wheel,  and  B  the  apex  for  the  other ;  and 
if  from  the  centres  0  and  B  the  circles  E  S  and  E  T  be  described,  they  will  represent 
the  outlines  of  the  developed  surfaces  of  the  cones  F  C  E,  D  B  E  respectively,  and 
become  the  pitch  circles  on  which  the  outlines  of  the  teeth  at  E  may  be  described. 
Were  we  to  cut  these  teeth  in  paper,  and  then  wrap  them  round  the  cones  F  G  E  and 
DBE,  we  should  have  them  interlacing  and  gearing  into  each  other  at  E.  Proceeding 
in  the  same  manner  at  the  point  3tf,  by  drawing  TT  V  through  M  perpendicular  to  A  E, 
and  describing  from  centres  0  and  B  the  pitch  circles  W  and  X,  with  radii  respectively 
equal  to  V  M  and  U  M,  we  get  the  development  of  the  teeth  at  M,  which  are  precisely 
similar  to  those  at  E,  but  on  a  smaller  scale,  their  outlines  being  defined  by  the  radii 
converging  from  those  in  S  and  T  towards  C  and  B,  the  centres  of  development. 

Bevil  gearing  applies  when  the  motion  is  to  be  conveyed  at  any  rate  of  speed  from 
one  axis  to  another,  as  in  Fig.  244,  where  a  a  is  the  large  bevil  wheel,  and  b  bike  smaller 


Fig.  244. 


Fig.  245. 


one,  or 
in  various 


the  bevil  pinion;  or  the  motion  may  be  communicated  at  any  other  angle,  and 
_  ._.0U3  directions,  by  combinations  of  bevil  wheels  and  pinions,  as  in  Fig.  245, 
where  the  pinion  a  drives  the  wheel  b  b  mounted  obUquely  to  it.;  and  the  pinion  e,  fixed 
on  the  shaft  of  b  5,  drives  the  wheel  dd&t  some  other  angle  with  it. 

When  the  wheels  are  equal,  and  their  axes  at  right  angles  to  one  another,  as  in 
Pig.  246,  the  wheels  are  technically  called  mitre  wheels. 

The  general  law  as  to  velocities  of  rotation  and  pressure  conveyed  through  bevil 
gearing  is  precisely  the  same  as  in  the  case  of  plain  gearing. 

Gearing  is  sometimes  used  to  convert  a  rotary  into  a  rectilineal  motion,  by  the  use 
of  a  rack  and  pinion. 
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(Fig.  247)  has  teeth  which  fit  between  the  teeth  of  two  racks  B  ana 
e ;  and  by  giving  a  reciprocating  rotary 
motion  round  its  centre,  these  two  racks 
are  put  in  reciprocating  rectilineal  mo- 
tion. 

The  proper  form  for  the  teeth  of  a 
rack,  so  as  to  gear  with  those  of  pinions 
formed  as  we  have  described,  may  be 
ascertained  thus  (Fig.  248):— In  de- 
scribing the  teeth  of  a  wheel,  the  radius 
0  F  of  the  generating  circle 
bears  a  certain  proportion 
to  G  B  the  pitch  radius;  or, 
as  we  have  taken  it,  C  F  is 
HndsofCB.  Again, FB, 
the  radius  of  the  side  of 
the  tooth,  is  Jth  of  C  B,  or 
bears  also  a  constant  ratio 
to  0  B.    Hence,  for  every 


Fig.  246. 

wheel  B  F  makes  a  constant  angle  F  B  C  with  A  0 


Fig.  247. 


Applying  this  to  a  rack  N  Gr,  the 


Hg,24«. 


radius  of  the  tooth  must  be  at  the  same  angle  to  DE  as  that  of  FB  to  B  C,  ortbe 
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Angle  N  G  E  must  be  equal  to  the  angle  F  B  C ;  but  as  the  pitch  line  of  the  rack  is  a 
straight  line,  or  may  be  supposed  a  circle  of  infinitely  great  radius,  so  the  radius  N  G 
of  the  tooth,  being  Jth  of  the  pitch  radius,  must  also  be  infinitely  great,  and  the  portion 
of  the  circular  side  of  the  tooth  described  with  this  infinite  radius  must  be  a  straight 
line  H  G  perpendicular  to  N  G.  To  find  the  amount  of  obliquity  or  inclination  of  H  G 
to  D  E,  we  obseire  that  it  is  the  same  with  the  inclination  of  B  F  to  B  M  (which  is 
perpendicular  to  A  C).  Now  M  F  is  very  nearly  bisected  in  L ;  and  as  F  L  is  |th  of 
F  B,  F  M  is  very  nearly  f  ths  or  Jth  of  F  B.  So,  in  the  rack,  H  K  must  be  Jth  of 
EG;  and  hence  we  hare  a  simple  mode  of  setting  out  H  G  the  side  of  the  rack-tooth, 
by  taking  G  K  any  length,  such  as  1  inch,  along  the  line  G  D,  and  measuring  up  an 
oflset  K  H  :=  Jth  of  E  G.  The  line  H  G  is  the  side  of  the  tooth,  of  which  the  top  and 
bottom  may  be  determined  as  in  wheel  gearing. 

There  still  remains  a  kind  of  gearing  most  applicable  in  cases  where  it  is  desired  to 
reduce  yery  greatly  the  angular  velocity,  or  to  increase  the  moving  pressure.  We 
allude  to  the  perpetual  eereto,  or  worm  and  wheely  as  it  is  usually  called  (Fig.  249) ;  h  h 
the  driving  shaft  has  a  screw  or  worm  cut  on  its 
eylindrical  surfSuse,  the  coils  of  which  fit  between 
teeth  on  the  driven  wheel  a  a.  These  teeth  have 
sides  inclined  to  the  plane  of  their  wheel,  in  such 
a  manner  as  to  suit  the  obliquity  of  the  screw- 
thread.  When  the  worm  is  caused  to  revolve,  one 
portion  of  the  worm  pressing  against  a  tooth  of  the 
wheel  causes  it  to  advance  over  a  distance  equal 
to  the  pitch  of  the  thread  or  of  the  teeth  (which 
are  necessarily  alike) ;  and  by  the  time  one  tooth 
is  disengaged  from  the  worm  by  the  revolution  of 
the  wheel,  another  tooth  has  come  into  action,  and 
is  caused  to  advance  in  like  manner.  Every  revo- 
lution of  the  screw  round  its  axis  thus  causes  the 
wheel  to  rotate  through  a  portion  of  a  revolution,  ^^'  ^®' 

equivalent  to  the  distance  of  the  centre  of  one  tooth  from  that  of  the  next ;  and  if  the 
wheel  have,  for  example,  100  teeth,  it  thus  requires  100  revolutions  of  the  worm  to 
cause  one  revolution  of  the  wheel.  It  is  evident  that,  whatever  be  the  size  of  the 
worm,  the  same  relation  of  angular  velocities  subsists,  while  the  number  of  teeth  in 
the  wheel  remains  constant;  but  when  we  alter  ^e pitch  of  the  screw,  that  is  to  say, 
the  distance  fit>m  one  of  its  coils  to  the  next,  we  must  alter  to  a  corresponding  extent 
the  pitch  of  the  toothed  wheel ;  and,  if  its  diameter  be  fixed,  the  number  of  its  teeth 
must  be  altered  accordingly. 

In  deciding  on  the  form  of  teeth  for  screw-gearing,  we  must  be  guided  by  considera- 
tions similar  to  those  which  we  have  dealt  with  in  respect  of  ordinary  gearing.  If  we 
suppose  the  screw-wheel  B  (Fig.  250)  to  be  a  thin  plate  of  metal,  with  teeth  of  the  proper 
iQvolute  form  out  in  its  circumference,  and  A  the  section  of  the  screw  to  be  also  a  thin  plate 
with  teeth  like  those  of  a  rack,  by  drawing  the  rack  along  rectilineally  in  the  direction 
of  the  arrow  we  should  cause  the  wheel  to  rotate  in  the  direction  of  the  arrow,  and  the 
teeth  would  be  of  suitable  form  for  their  relative  movements.  So  when  the  wheel  is  of 
some  thickness,  as  shown  in  section  at  E,  with  teeth  F  projecting  within  the  outer 
circumference  of  the  screw,  and  clearing  the  solid  central  portion,  we  have  only  to 
make  the  teeth  F  inclined  so  as  to  suit  the  obliquity  of  the  screw-thread  as  indicated 
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by  the  dotted  lines  H  H  on  the  plan  of  the  screw  6 ;  and,  instead  of  moving  the  screw 
longitudinally  like  a  rack,  we  may  cause  it  to  rotate  round  its  axis,  and  while  we  pre- 
vent its  longitudinal  motion,  the  teeth  of  the  wheel  will  be  caused  to  move  onwards  by 
the  inclined  action  of  the  screw-thread.  As  no  part  of  the  screw-thread  is  a  straight 
line,  the  teeth  of  the  wheel  H  H  ought  theoretically  to  be  curved ;  but  when  the  diame- 


ter of  the  screw  is  large  in  proportion  to  its  ifltch, 

the  portions  of  the  thread  with  which  the  teeth  are 

in  contact  approach  very  nearly  to  straight  lines, 

and  the  oblique  sides  of  the  teeth  may  tl^refore, 

without  much  practical  error,  be  made  straight. 

Their  proper  obliquity  may  be  found  thus : — ^Let  I 

be  a  cylinder  of  the  same  diameter  with  the  screw, 

on  which  is  wound  a  triangular  piece  of  paper,  so 

that  its  edge  shall  form  the  outline  of  the  screw. 

If  at  any  of  its  convolutions  K,  instead  of  continuing 

to  wind  the  paper  on  the  cylinder,  we  stretch  it  out  straight  as£ML,ifKLbe  half  tiiie 

pitch  of  the  screw,  or  Lhalf-way  betweenK  and  the  pointwhere  the  next  convolution  after 

that  at  K  would  cross  the  axis,  then  L  M  must  be  equal  to  half  the  circumference  of 

the  cylinder  (about  3^  times  its  radius),  in  order  that  the  point  M  may  be  brought  round 

to  L  when  the  paper  is  wound  on  to  the  cylinder.    By  taking  K  L  half  the  pitch  (^  the 

screw  and  L  M  half  its  circumference,  and  joining  K  M,  we  get  a  line  at  the  proper 
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obliquity  to  the  axis  to  suit  the  thread  of  the  screw.  By  taking  a  cylinder  equal  to  the 
inner  part  of  the  screw,  or  of  diameter  equal  to  that  of  the  screw  at  the  bottom  of  its  thread, 
and  proceeding  in  a  similar  way  (as  indicated  by  the  dotted  lines),  we  get  the  line  E  N 
of  the  proper  obliquity  to  suit  ^e  bottom  of  the  thread.  Now,  as  the  tops  or  points  of 
the  teeth  of  the  wheel  gear  with  the  bottoms  or  hollows  of  the  screw-threads,  while  the 
bottoms  of  the  teeth  gear  with  the  tops  of  the  screw-threads,  we  should  make  the  tops 
of  the  teeth  less  inclined  to  the  plane  of  the  wheel  than  their  bottoms,  and  we  should 
gradually  increase  the  obliquity  from  the  tops  of  the  teeth  downwards.  It  would  be 
Tery  difficult  to  effect  this  in  practice ;  and,  indeed,  even  if  it  could  be  done  with  ease, 
it  would  be  positiyely  disadvantageous,  because  some  of  the  teeth  are  always  coming 
into  such  a  position  with  respect  to  the  thread  as  that  marked  Q,  where  the  top  of  the 
tooth  is  in  contact  with  the  top  of  the  thread.  Practically,  then,  it  is  best  to  make  the 
obliquity  of  the  teeth  like  KP  a  mean  between  those  due  to  the  upper  and  the  lower 
parts  of  the  screw-thread.  In  other  words,  tracing  a  pitoh-line  B  R  for  the  screw 
touching  the  piteh  circle  of  the  wheel,  and  then  developing  the  obliquity  K  P  due  to  the 
diameter  of  the  screw  measured  to  that  piteh-line,  we  get  an  average  inclination  for  the 
teeth,  somewhat  in  error  at  points  above  and  below  the  pitch-line,  but  correct  where  the 
principal  contact  and  oommimication  of  power  takes  place.  The  greater  the  diameter  of 
the  screw,  and  the  smaller  its  piteh,  the  greater  is  the  inclination  of  the  thread  to  ite 
axis,  and  the  less  is  the  ent>r  of  obliquity  in  the  contact  of  the  teeth  and  screw-thread 
above  and  below  the  pitch-line.  Therdbre,  when  the  screw  by  routing  drives  the 
wheel,  the  screw  should  be  made  as  large  in  diameter  as  is  consistent  with  convenience, 
and  the  piteh  of  the  thread  and  teeth  should  be  as  small  as  is  consistent  with  the  neces- 
sary strength.  But  when  it  is  intended  that  the  rotation  of  the  wheel  shall  cause  the 
screw  to  rotete,  the  diameter  of  the  screw  should  be  made  as  small  and  ite  pitch  as  great 
as  possible,  so  that  the  thread  and  the  teeth  may  have  small  obliquity  to  the  axis  of  the 
screw.  In  either  case  the  screw-thread  may  be  considered  as  a  continuous  inclined 
plane  presented  to  the  teeth  of  the  wheel,  and  the  effect  of  greater  or 'less  obliquity  be- 


Fig.m. 

comes  very  evident.  In  the  first  case,  where  the  screw  drives  the  wheel,  A  B  being  the 
axis  of  the  screw,  KL,  part  of  ite  inclined  surface,  travelling  in  the  direction  of  the 
arrow  C,  has  to  move  the  tooth  of  the  wheel  in  the  direction  of  the  arrow  D ;  the  greater 
the  inclination  of  K  L  to  the  axis,  or  the  more  nearly  it  approaches  to  a  perpendicular 
to  it,  the  better  ite  effect  to  move  the  tooth,  or  the  less  is  the  lateral  strain  it  produces 
on  the  tooth.  In  the  second  case,  where  a  tooth  moving  in  the  direction  of  the  arrow  6, 
and  pressing  against  the  inclined  side  of  the  screw-thread  M  N,  causes  it  to  travel  in  the 
direction  of  the  arrow  H,  the  less  the  inclination  of  M  N  to  the  axis  E  F,  or  the  more 
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nearly  it  approaches  to  coincidence  with  it,  the  better  is  the  action  of  the  tooth  to  give  it 
lateral  motion,  or  the  less  is  the  longitudinal  strain  in  the  direction  of  the  axis. 

Although  continuous  rotary  movements  are  the  most  convenient  for  communicating 
power  from  one  point  to  another,  yet  there  are  many  operations  to  which  machinery  is 
adapted  demanding  motions  of  another  character.  These  are  chiefly  of  a  reciprocating 
kind;  and,  whether  the  reciprocating  movement  takes  place  in  a  straight  line  or  about  a 
centre  or  axis,  it  becomes  important  to  inquire  into  the  modes  by  which  continuous  rotary 
motion  may  be  converted  into  them  or  the  converse.  Sometimes  it  is  desirable  that 
these  reciprocating  movements  should  be  continuous,  sometimes  that  there  should  be 
intervals  of  rest  between  them,  sometimes  that  they  should  be  equal  in  velocity,  some- 
times that  the  time  occupied  by  them  should  vary,  according  to  the  special  character  of 
the  work  to  be  done,  and  the  intensity  of  the  force  transmitted.  To  describe  all  the 
known  modes  of  effecting  these  objects  would  be  to  compile  a  list  of  almost  all  the  me- 
chanical inventions  ever  made,  and,  were  it  possible,  would  demand  space  far  beyond 
the  limits  of 
a  treatise  like 
this.  We 
will,  there- 
fore, merely 
draw  atten- 
tion to  some 
of  the  modes 
of  converting 
motion  most 
generally  ap- 
plied in  machinery* 


Tho  aTrangement  beat  adapted  to 
any  particular  caecj  or  the  special  modification  of  autioa 
that  may  be  most  suitable,  are  matters  that  must  be  1^  to 
the  ingenuity  of  the  designer. 

The  most  simple  arrangement  fijr  converting  contimiouE 
rotary  motion  mto  reciprocating  motion  is  the  crank  or 
eccentric,  which  we  have  aire  at]  y  described  in  connection 
with  the  steam-engine.  It  is  gcn^^rally  convenient  to 
obtain  the  reciprocating  movement  m  the  arc  of  a  circle 
instead  of  in  a  atmight  line.  For  instance^  the  Tevolving 
erank  A  (Fig.  262)  ronnectEd  by  a  rod  B  with  the  aim  0 
of  a  lever  mounted  on  an  axis  or  spindle  D,  causes  it  to 
vibrate  in  the  arc  of  a  circle  round  the  centre  D ;  another 
lever  E,  fixed  at  any  part  of  the  spindle  D,  can  thus  be  put 
in  reciprocating  motion  through  equal  angles,  and  communicate  through  a  con- 
necting-rod F  reciprocating  motion  to  some  other  body  at  G.  When  the  arms 
C  and  E  are  in  one  plane  they  form  a  heU-erank  lever,  and  are  generally  con- 
neoted  by  the  rib  H  for  the  sake  of  strength.  The  dotted  lines  on  the  figure  mark 
the  centre  lines  of  the  levers  at  the  extreme  points  of  their  excursions.  The  fibrst 
lever  C  in  its  central  position  is  at  right  angles  to  a  line  drawn  through  the  centre 
of  the  crank  bisecting  the  vibration  of  the  lever,  or  cutting  the  arc  in  which  the 
pin  of  the  lever  vibrates  in  such  a  manner  that  its  deviations  from  the  straight  line  at  its 
middle  and  extreme  points  are  equal.    So  also  the  line  in  which  the  point  G  is  required 
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to  reciprocate,  when  prolonged  bisects  the  yihration  of  the  aim  E.  By  this  arrange- 
ment the  deviation  of  the  pins  moving  in  circular  arcs  from  rectilineal  motion  is  ren- 
dered as  small  as  possible,  and  lateral  strain  from  obliquity  of  connecting-rods  is  propor- 
tionally reduced.  By  varjring  the  lengths  of  the  arms  C  and  E,  the  amount  of  vibration 
may  be  varied  at  pleasure ;  for  while  the  angles  in  which  they  vibrate  remain  equal,  the 
lengths  of  circular  arcs  in  which  their  pins  vibrate  are  proportional  to  the  lengths  of 
their  radii. 

By  proper  arrangements  of  cranks,  levers,  and  connecting-rods,  in  respect  of  lengths 
and  relative  positions,  it  is  generally  possible  to  convert  a  given  rotary  or  reciprocating 
movement  into  one  of  greater  or  less  extent,  in  a  different  plane  or  direction.  When  the 
reciprocating  movement  of  a  lever  is  applied  to  produce  the  rotary  motion  of  a  crank,  it 
is  necessary  either  to  fit  the  spindle  of  the  latter  with  a  heavy  fly-wheel  to  bring  the 
crank  over  its  dead-centres,  or  to  adopt  some  other  combination  of  cranks  as  in  the  dupli- 
cate marine  or  locomotive  engines,  so  that  while  one  is  on  the  dead-centre  the  other  is 
receiving  motion  from  its  connecting-rod.  The  crank  or  eccentric  can  give  reciprocating 
movement  to  a  lever  only  in  such  a  manner  that  for  each  revolution  of  the  crank  the 
lever  makes  one  complete  double  stroke,  or  an  excursion  from  one  extreme  of  its  vibra- 
tion to  the  other  and  back.  Sometimes  it  is  desirable  that  each  revolution  of  the  rotating 
shaft  shall  cause  a  number  of  reciprocating  movements  of  a  lever  or  rod  connected  with 
it.  There  are  several  methods  of  effecting  this  object.  For  moving  a  stamper  b  (Fig. 
253)  so  as  to  crush  or  pulverize  materials  subjected  to  it,  a  wheel 
a  is  fitted  with  several  curved  arms  or  wipers,  which,  as  the 
wheel  revolves,  come  successively  in  contact  with  a  pin  or  projec- 
tion c  on  the  stamx>er,  lift  it,  and  let  it  drop.  If  the  wheel  have 
six  aims,  the  stamper  makes  six  strokes  during  each  revolution. 
Such  an  apparatus  is  frequently  applied  in  cases  where  repeated 
strokes  of  falling  heavy  bodies  are  required  for  special  operations, 
as  for  tilt-hammers  used  in  iron  manufacture,  seed-crushers,  fiill- 
ing-mills,  and  washing-machines.  For  lighter  work,  such  as  the 
movement  of  pendulums  or  balance-wheels  of  time-keepers,  there 
are  numerous  ingenious  arrangements  of  escapement-wheels  hav- 
ing their  circumferences  cut  into  teeth  of  suitable  form  capable  of 
acting  on  the  pallets  presented  to  them  with  the  regularity  and  precision  required. 

Sometimes  it  is  desirable  to  convert  continuous  rotary  movement  into  one  that  shall 
proceed  by  fits  and  starts.  A  crank  or  eccentric  A  (Fig.  254)  on  the  continuously  rotating 
shaft  connected  by  a  rod  B  with  a  lever  C,  causes  it  to  vibrate  once  during  eadi  revolu- 
tion of  the  crank  round  a  spindle  D  on  which  is  mounted  a  rate?iet-wh.eel  E,  having  teeth 
like  those  of  a  saw.  The  lever  0  is  fitted  with  a  pall  F  hanging  freely  from  a  pin,  and 
formed  so  as  to  drop  into  the  space  between  the  ratchet  teeth.  One  half-revolution  of 
the  crank  A  causes  the  pall  to  move  over  one  or  more  teeth  without  putting  them  in 
motion,  as  it  oan  slide  freely  along  their  inclined  sides ;  but  the  other  half-revolution 
bringing  back  the  lever  and  paU  which  bears  against  the  abrupt  face  of  a  tooth,  causes 
the  ratchet-wheel  to  rotate  through  the  same  arc  with  the  point  of  the  pall.  In  many 
cases  where  this  arrangement  of  ratchet  and  pall  is  applied,  it  is  necessary  to  vary  the 
amount  of  movement  of  the  ratchet-wheel  at  each  stroke.  This  is  efieoted  either  by 
varying  the  throw  of  the  crank  A,  or  the  position  of  the  connecting-rod  pin  on  the  lever 
C,  so  as  to  make  the  back  stroke  of  the  pall  pass  over  two  or  more  teeth,  as  may  be 
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required.    In  machines  for  boring,  turning,  planing,  and  shaping  metals,  in  machinery 
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Fig.  254. 


or  sairiiig  timber  and  tnch  Hke  opentums,  this  axnmgemeiii  is  sp^ied  for  moring  t|e 

Material  operated  on, 
■o  as  to  present  a  nev 
portion  to  the  action 
of  the  tool  or  sair  at 
each  stroke. 

In  deamtnng  the 

methods  of  regnktmg 

the  flour  of  steam  i& 

engines,  we  alluded  to 

the  emm  as  an  appa- 

ratujs  hj  whick  ^e  continuons  rotation  of 

a  fihafl  le  jnnde  to  Lift  a  yalye,  sustain  it  for 

a  certain  period,  and  then  let  it  drop.    Otm 

art^  alsji  appUeablo  to  many  other  mechaai- 

E:d  movecijente  ot  a  similar  character;  sad 

0^  their  forms  n^^J  be  yaried  indefinitely,  n 

ahmmt  any  re<nirring  morement  can  be  ef- 

fi?ot6d  hj  their  nse.    As  an  ftxample  of  what 

may  he  effrfcted  by  a  cam,  let  ns  si^poie 

thut,  havifij^  a  rotating  shaft,  we  dssiie  it 

during  I  til  of  r  nevolution  to  raise  a  weigtfc 

1   inch,   during  ^th  to  retain  it  at  that 

height,  during  the  next  ^th  to  raise  it  1 

inch  more,  to  retain  it  there  during  {th, 

during  the  next  ^th  to  drop  it  the  two  inches  through  which  it  had  been  laiaod, 

and  during  the  remaining  |th  to  retain  it  at  its  lowest  position  until  it  is  agam 

raised. 

Let  A  (Fig.  255)  be  the  shaft  reyolying  in  the  direction  of  the  arrow,  and  let  three 
circles  be  described  roimd  its  centre,  the  inner  circle  being  of  any  oonyenient  radios, 
and  the  others  having  radii  respectively  1  inch  and  2  inches  greater.  Let  the  oircks 
be  divided  into  eight  equal  segments,  and  let  H  be  a  roller  connected  with  the  weight 
to  be  lifted,  bearing  on  the  inner  circle  at  B.  From  B  to  C,  |th  of  a  revolutioii,  let 
the  circumference  be  part  of  a  spiral  curve  touching  the  inner  circle  B  and  the  middle 
circle  at  C ;  from  C  to  D,  |th  of  a  revolution,  let  it  follow  the  middle  circle ;  from  D 
to  E,  j^th  of  a  revolution,  let  it  be  another  spiral  curve  touching  the  middle  circle  at  D 
and  the  outer  at  E ;  from  E  to  F,  Jth  of  a  revolution,  let  it  follow  the  outer  circle; 
from  F  to  G,  Jth  of  a  revolution,  let  it  again  be  a  spiral  touching  the  outer  and 
inner  circles;  and  from  6  to  B,  the  remaining  |th  of  a  revolution,  let  it  foQffW 
the  inner  circle.  It  is  obvious  that  as  the  shaft  rotates  and  brings  the  different  portions 
of  the  cam's  circumference  successively  under  the  roller,  the  centre  of  which  we  suppose 
to  be  capable  of  vertical  movement  only,  it  successively  lifts  it  one  inch,  retains  it,  lifts 
it  again  one  inch,  retains  it,  and  permits  it  to  drop,  and  remain  down  according  to  the 
conditions  of  the  problem.  The  principal  point  to  be  attended  to  in  the  construction  of 
a  cam  is,  that  the  spiral  portions  leading  from  the  one  part  of  the  circumference  to  the 
next  be  not  too  abrupt,  and  that  they  be  carefully  graduated  from  the  one  curvature  to 
the  other,  so  that  the  roller  be  not  subjected  to  sudden  jerks,  but  be  made  to  rise  from  or 
fall  towards  the  centre  as  gently  and  easily  as  possible.    When  the  rotation  of  the  cam 
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is  rapid,  this  is  <tf  the  greatest  importance ;  the  amount  of  eooentrio  movement  given  to 
the  rdler  should  be  as  small  as  possible ;  or  it  should  be  spread  over  as  large  a  part  of 
the  drcumfarenoe  as  possible,  so  that  the  in- 
clination of  the  revolying  slope  may  be  gentle. 

In  some  kinds  of  printing  machinery  a  pecu- 
liar form  of  screw  is  applied  for  the  oonveision 
of  a  oontinvous  rotation  into  a  reciprocating 
rectilineal  motion. 

A  cylinder  A  (Fig.  256)  rotating  in  bearings 
B  B  has  a  double  groove  of  a  screw  form  out 
in  its  surfSeuie,  in  which  a  pin  ^  projecting  down- 
yfjBoda.ftom  the  table  of  the  printing  machine, 
is  free  to  slide.  The  table  being  guided  to  slide 
backwards  and  forwards  in  a  straight  line, 
is  caused  to  move  by  the  revolution  of  the  cylin- 


Flg.S55. 

der  presenting  always  the  inclined  fsce  of 
its  screw-groove  to  the  pin.  The  screw  is 
double,  of  opposite  direction,  with  a  por- 
tion at  each  end  not  oblique  to  the  axis 
of  the  cylinder.  One  half- revolution  of 
the  cylinder  causes  the  pin  to  travel  through- 
out the  length  of  its  screw,  another  half-revolution  retains  it  at  the  end  of  its 
stroke,  the  next  half-revolution  carries  it  back  to  the  opposite  end,  the  next  retains  it, 
and  so  on  successively  to  suit  the  alter- 
nate rest  and  motion  of  the  printing- 
table  to  the  successive  impressions  and 
intervals  between  them. 

Backs  and  partly-geared  pinions  are 
sometimes  used  for  a  similar  purpose, 
thus:— A  double  rack  a  a  (Fig.  267) 
guided  at  the  ends  b  and  e  to  move  only 

longitudinally,  is  acted  on  by  a  partly-geared  pinion  e  oontinuoudy  rotating.  When  the 
teeth  of  the  pinion  gear  with  tiiose  of  the  upper  limb  of  the  rack,  it  is  caused  to  move 
from  b  towards  e,  until  the  pinion  having  left  that  limb  enters  into  gear  with  the  other, 
giving  it  the  contrary  movement,  and  so  on  successively. 

Fig.  258  represents  an  arrangement  of  a  similar  character,  applied  to  produce 
alternating  rotary  motion.  A  pinion  e  continuously  rotates  on  an  axis  fitted  with 
a  universal-joint,  such  as  may  permit  the  pinion  to  gear  either  with  the  exterior 
or  interior  cogs  of  the  double  circular  rack  b  fixed  on  the  fiice,  of  a  drum  or  pulley 
a,  and  thus  to  give  it  rotary  motion  round  its  centre  c  in  directions  alternately 
opposite. 

On  referring  to  our  remarks  respecting  the  communication  of  motion  by  pulleys  and 
straps,  it  wiU  be  seen  that  while  a  ptilley  driven  from  another  by  a  direct  strap  revolves 
VOL.  XX.  ^ 2  H  ^ 

'     ■  Digitized  byXjOOQlC 


Fig.  257. 


466 


RBTEBgUrO  BT  CII06B-P17LLKT8. 


in  tile  maiL  directio%  one  dhren  bj  a  crooied  tcnp  nmilteB  fai  tiie  oppeato  diR«lU»» 

This  prineiple  ii  fteqiwiillj^ppliei  in  nuM^inec^ 
-when  it  ie  denied  to  levene  ^e  diiectkm  ef 
motioii.  Two  peitv  of  ftet  and  looae  puUsja 
being  ananged  on  a  shaft,  so  that  ene  pair  ma  j 
be  eonneeted  hf  a  diiect  and  tiie  other  pair  bj 
a  cnMied  afnip,  i^th  paAefs  on  the  pniaa 
mnrer;  whea.  the  diieet  strap  ia  on  its  fiMt 
poDej,  nhSiB  the  eroised  ati^  ii  on  ila  luoae 
pnlley,  the  marMiie  is  diWca  ia  the  duwction 
of  the  primepflMver;  bat  when  the  dtreet  strap 
18  tfariMm  on  its  kxMe  puUef,  while  the^doesod 
atrap  Is  biaiight  ea  its  IfiMt  palley,  Ae  eoatiary 
BMtioB  is  prodaoed.  In  apparatas  wliere  an 
aRangenent  of  ^is  Idad  is  applied,  as  in  ma- 
chines for  planing  iron,  the  auyvement  of  the 
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table  of  the  machine  lo  itmdh  extreme  of  its  stroke  is  made  tot  shift  ^  straps  by  yeiy 
simple  mechantwH)  whie|i  is  capable  oi  being  a^^mlad  an  ai  l»  "mif  the  aaNunt  of 
stroke  at  pleasure. 

Fig.  250  represents  another  method  of  rerosng  rotaiy  Biotieii  fre^aeaAf  em- 
ployed :  «  and  b  are  two  beffl  j^niens  t«rolnnf  loosed  _ 
on  a  shaft 'if  e,  and  gearing  with  nberHiR^ieeli^   Between 
the  pinions  is  fttted  «  elnteh,  sliding  en  bat  revohring 
witli  the  idiaft  d0.    The  pinions  behig  geared  into  Qfto? 
site  sides  of  the  wheel,  rotafte  in  oppodte  directions ;  and 
as  the  dutch  is  thfown  into  gear  with  the  one  «r  the 
other,  the  shaft  d^in  oaased  to  rotate  in  the  ene  diieetiflii 
or  the  other  aooordingly.    Instead  of  a  toothed  c^ateh,  a 
conical  friction  dutch,  is  occasionally  employed  witii  good                  ^* 
effect,  because,  in  tlM  first  plnoe,  a  very  slig^  taomimmit  of  the  lerer  paessiBg  tbe 
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cone  into  its^eeit  on  either  side  ii  sixflleient  to  eeu^e  the  shaft  witheiliher  wheel,  and, 
in  tlie  next  place,  the  shaft  being  drirer  soldr  by  the  friction  of  the  conical  sur&cee, 
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caunot  be  subjected  to  any  strain  ezceedmg  the  finotion  in  amount,  the  cones  slipping 
irfaen  sabjected  to  etireme  etnonr 

Fig.  260  indicates  a  mode  of  rewrsiag  the  diieotion  of  rotation  by  means  of  toothed 
gearing.  A  being  a  toollied  ,wheel  on  the  driving  riiaft,  and  B  one  on  the  shaft  to  which 
it  is  requited  to  oonTej  moibn  in  either  diieotion,  G,  D  and  E  are  intermediate  pinums 
mounted  on  a  frtmd  capable  of  yibrating  on  A  as  an  axis.  When  C  is  geared  with 
A  and  B,  aa  in  I.,  both  rerulve  in  the  same  direction ;  but  when  C  istibzownoufcof  geae 
with  B,  and  B  brought  into  gear  with  it  as  in  IL,  tlie  direction  of  its  rotation  is  rereraed, 
as  indicated  by  the  arrows.  By  some  such  ai'rangements,  or  modrficatiQns  of  them,  suited 
to  the  ciroumstances  of  any  particular  case,  the  direction  of  rotation  may  be  readily  varied. 

It  is  often  required  to  change  a  reetitineal  motion  having  a  certain  velocity  to  one 
having  another  velocity,  particularly  in  madnnery  for  cutting  screws.  A  screw,  as  we 
have  abready  described,  is  a  ^ne  traced  on  the  surface  bf  a  cylinder  by  the  motion  of  a 
point  moving  longitudinally  along  the  oyHnder  parallel  to  its  axis.  The  pitch  of  the 
screw  is  tlie  distance  through  which  the  tracing  point  moves  longitudinally  while  the 
cylinder  makes  one  revolution,  and  in  praetioe  it  is  neoesaary  to  form  wsrew^i^  numerous 
different  pitches  according  to  their  dimensions  and  the  circumstances  under  which  they 
are  to  be  used.  The  pitch  of  a  screw  is  generally  named  aeoording  to  the  number  of 
turns  or  eonvolutions  which  the  serew  makes  in  a  certain  length  of  the  oylindw.  Thus, 
when  a  screw  has  8  turns  to  the  inch,  we  say  that  it  haa  a  pitch  of  ith  of  an  in^ch-^ 
that  is,  during  one  revolution  of  the  cylinder  on  which  the  screw  ia  formed,  the  tracing 
point  advances  longitudinally  ith  of  an  i^ioh,  or  while  the  tracing  point  advaiLCiee  1  muh 
the  (^Undei  revolves  8  times. 

A  (Fig.  261)  ia  a  cylinder  revolving  in  bearings  at  each  cfid^  with  a  toothed  wheel 
B  fixed  at  one  end,  and  D  a  screw  mounted  in  bearings  psraUel  to-  the  c^yli^er,  and 
carrying  a  nut  F 
with     a     tracing  9 

point  G  prejecting 
from  it  to  meet  the 
surface  of  the  cy- 
linder, the  screw 
having  a  toothed 
wheel  E  gearing 
into  an  interme- 
diate wheel  C, 
which  also   gears 

into  B.  On  causing  the  cylinder  A  to  revolve,  the  scfew  D  is  hI^o  caused  to 
revolve,  the  nut  F  and  tracer  0  are  made  to  move  longitudiiially  paraQd  to  the 
axis  of  A,  and  the  screw-curve  traced  on  A  is  that  duo  to  the  velocity  with  which  A 
revolves  as  compared  to  the  speed  with  which  G  advancf^a.  By  Eiltemig  the  proportions 
or  numbers  of  teeth  in  the  wheels  B  and  E,  the  relative  velocitLea  of  the  cylmder  and 
screw  may  be  changed  at  pleasure,  and  the  pitch  of  the  ecrcw  traced  on  A  from  a  screw 
B  of  constant  pitch  may  be  proportionally  varied.  In  lathes  or  machinei  for  outtiiig 
•crews,  the  cylinder  A  is  the  piece  of  metal  on  which  the  screw  ie  to  be  cut^  ita  a^^la  is 
what  is  technically  called  the  mandril  of  the  lathe,  and  the  traeing-poiut  G  is  a  steel 
tool  cutting  into  the  metal  so  as  to  leave  the  screw-thread  projecting.  The  serew  D  haa 
generally  a  pitch  which  is  some  simple  fraction  of  an  inch^  such  as  ^  or  |rd  of  an  inch^ 
and  the  lathe  is  furnished  with  numerous  toothed  wheels  which  may  be  put  in  th& 
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plao«  of  B  «iid  E  to  yaiy  the  pitch  of  the  cut-screw  as  may  be  required.  If  we  take  the 
case  of  a  lathe  having  a  screw  D  of  )  an  inch  pitch,  or  making  2  tuma  per  inch,  when 
the  wheds  B  and  E  have  equal  numbers  of  teeth,  whatever  be  the  size  of  the  inter- 
mediate wheel  0,  the  screw  D  revolves  with  the  same  angular  velocity  and  in  the  same 
direction  with  the  woik  A.  The  tool  6  therefi>re  advances  i  an  inch  along  the  sniface 
of  A  during  each  revolution  of  A,  and  outs  a  screw  of  precisely  the  same  pitch  and  lying 
in  the  same  direction  with  that  on  the  screw  D.  But  if  in  place  of  two  equal  wheels 
B  and  E  we  put  wheels,  B  having  20  teeth  and  E  having  40,  then  the  screw  D  will  be 
caused  to  revolve  at  ijths,  or  )  the  speed  of  A,  and  the  tool  will  advance  |  of  }  an  inch, 
or  Jth  of  an  inch,  during  each  revolution  of  A,  and  thus  to  cut  a  thread  of  Jth  of  an  inch 
pitch  upon  it.  Screw-cutting  lathes  are  generally  furnished  with  a  table  of  screw 
latches,  and  the  appropriate  wheels  for  producing  them,  such  that  the  workman  by 
inspecting  the  table  can  at  once  select  die  proper  wheeb  for  giving  the  desired  pitch. 
The  wheels  belonging  to  the  lathe  have  tiieir  numbers  of  teeth  stamped  upon  them  to 
save  the  trouble  of  counting  them.  Sometimel,  when  the  difference  of  the  speed  of  the 
s«rew  and  of  the  work  ia  required  to  be  considerable,  instead  of  the  simple  intermediate 
wheel  0,  it  is  necessary  to  introduce  a  wheel  and  pinion  0  and  e  fixed  together.  Thus 
if  it  were  required  that  the  screw  should  revolve  at  -fgQi  of  the  velocity  of  the  mandril, 
were  the  onallest  possiUe  wheel  B  to  have  20  teeth,  it  would  be  necessary  that  E  should 
have  600  teeth,  because  ^  =  ij>^th,  were  the  simple  intermediate  wheel  0  employed. 
This  size  of  wheel  for  E  might  be  extremely  inconvenient,  and  it  would  be  better  to 
onploy  the  compound  intermediate  wheel  and  pinion  C  and  e.    In  this  arrangement  B  «■ 

20  V  20 

having  20  teeth,  C  100,  e  20,  and  E  100,  the  speed  of  E  is  ^^^  ^  ^^  =  Ath  of 

that  of  B.  In  the  lathe  taUe  Hie  first  column  gives  the  pitch  of  the  screw  to  be  cut, 
the  second  gives  the  number  of  teeth  on  the  mandril  wheel  B,  the  third  and  fourth  give 
the  numbers  of  teeth  in  the  intermediate  wheels  G  and  e  isspectively ,  and  the  fifth  gives 
the  number  on  the  screw-wheel  £.  When  the  compound  intermediate  wheels  are  not 
required,  the  columns  of  intermediates  are  left  blank,  as  any  simple  intermediate  may  be 
employed  without  altering  the  relative  velocities  of  the  mandril  and  screw-wheels.  The 
following  is  pert  of  a  table  for  a  lathe  having  a  screw  of  }  inch  pitch :— - 

TABLE  OF  SCBSW  QUAXOSQ  TOIL  LATHE. 


Pitch; 

Teeth  in  Man- 

Teeth  In  Intermediate  Wheel 

Teeth  in  Serew. 

Turns  per  ineh* 

drU  Wheel. 

and  Pinion. 

wheds. 

20 

30 

120 

40 

100 

18 

30 

90 

30 

90 

16 

30 

120 

40 

80 

15 

40 

100 

30 

90 

or  20 

, 

, , 

160 

14 

20 

60 

40 

70 

12 

20 

120 

11 

20 

110 

10 

20 

100 

9 

20 

90 

8 

30 

120 

7 

20 

70 

6 

40 

120 

5 

40 

100 

4 

40 

80 
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If  we  ftTamine  any  part  of  the  table,  ai^  for  inirtanoft,  the  numbers  giren  for  14 
toma  to  the  inch,  we  find  the  following  role  obtaina : — ^The  pitch  in  ooL  1  ia  equal  to 
twice  the  product  of  the  numben  in  3  and  5,  divided  by  the  product  of  thoae  in  2 

and  4.    Thus  14  =  2  X       ^.    Again,  where  no  oampound  intermediate  ia  em- 
ployed, the  pitch  ia  twice  the  number  in  6  divided  by  that  in  2.    Thna  6  pitch  := 

2pitchx'^^ 
^        ^  40  teeth. 

For  machinery  by  which  atraight  linea  or  the  ciieum£neiioe»  of  cirolea  are  divided 
into  a  number  of  equal  parts,  aa  for  the  maridng  out  of  scales  for  measuring  or  astro- 
nomical instruments,  or  for  cutting  teeth  in  racks  and  wheels,  the  screw  and  the  worm 
and  wheel  are  often  employed  in  order  to  give  the  means  of  delicate  subdiyision.  When 
a  screw  is  used  for  such  a  purpose,  it  is  generally  called  a  micrometer  (small  measurer) 
screw,  and  the  principle  on  which  it  acta  may  be  thus  described : — If  we  suppose  an 
accurately  cut  screw,  having  ^th  of  an  ioch  pitch,  to  be  fitted  with  a  nut,  the  motion 
of  the  screw  through  one  revolution  would  advance  the  nut  through  i^^  of  an  inch. 
If  on  one  end  of  the  screw  there  were  fitted  a  wheel  having  its  circumference  divided 
into  100  equal  parts,  the  screw  might  be  turned  round  any  number  of  revolutions  or 
hundredths  of  a  revolution,  aa  mailed  by  a  fixed  index  pointing  to  the  divisions  on  the 
wheel.  But  for  eveiy  hundredth  part  of  a  revolution  of  the  anew,  the  nut  would  be 
advanced  liv^  of  ^fyQi,  that  is,  irAre^  put  of  an  inch;  and  by  using  a  screw  of  still 
finer  pitch,  and  having  a  wheel  mounted  upon  it  divided  into  still  smaller  and  more 
numerous  parts,  the  longitudinal  advance  of  the  nut  through  still  smaller  fractions  of 
an  inch  could  be  effiscted  and  estimated.  It  is  by  such  an  arrangement  that  the  fine 
divisions  of  mathematical  instruments  are  traced,  and  the  fine  lines  traced  upon  me- 
dallion drawings  are  engraved.  For  circular  division,  tiie  screw,  instead  of  moving  a 
nut  longitudinally,  acts  aa  a  worm  on  the  teeth  of  a  wheel,  and  causes  it  to  revolve 
through  any  required  part  of  its  drcumferenoe.  Thus,  if  we  had  a  worm-wheel  with 
360  teeth,  and  a  worm  with  a  wheel  fitted  on  its  axia,  having  360  divisions,  we  could 
move  the  worm-wheel  through  yi^th  of  yi^th,  that  is,  ttAvs^  of  a  revolution,  or  any 
number  of  such  fractions  of  a  revo^atioB.  And  fiuiber,  if  the  wheel  upon  the  screw 
were  a  toothed  wheel,  and  we  had  numerous  other  toothed  wheels,  with  various 
numbers  of  teeth  like  those  we  have  described  for  a  screw-cutting  lathe,  we  might,  by 
the  proper  selection  of  wheeb  gesring  with  that  on  the  screw,  effect  the  division  of  the 
ciide  into  any  number  of  required  equal  parte.  Such  apparatus  are  employed  for 
dividing  the  circumferences  of  astronomical  instruments,  and  also  for  cutting  the  teeth 
of  wheels.  When  the  number  of  teeth  to  be  cut  is  a  multiple  of  some  simple  numbers, 
such  as  60,  which  is  a  multiple  of  some  of  the  numbers  2,  3,  4,  6,  6,  10,  12,  15,  20,  30, 
it  is  generally  easy  to  sele^  wheels  which,  in  ocHmection  with  the  screw,  shall  give  the 
required  number  of  equal  divirions ;  but  when  the  number  of  teeth  is  what  is  called  a 
prime  number,  such  as  59  or  61,  which  ia  not  capable  of  subdivision,  we  must  either 
provide  wheels  having  such  a  number  of  teeth  already  cut  in  tbem,  or  resort  to  methods 
of  approximation  for  their  subdivision.  Thus,  if  with  the  360  teeth  on  the  worm  and 
360  divisions  on  the  screw-wheel,  we  desired  to  divide  a  circle  into  61  equal  parts,  we 

should  for  each  part  turn  the  screw  through  — ^r —  =  2124J  divisions,  or  -^^  = 

5  revoL  324}  div.  nearly.     The  error  at  the  end  of  the  process  would  be  found 
thus:— 
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^nee  the  total  nuttibeT  of  divtuons  due  to  a  conplete  tevolutioQ  ate  129,000, 

and  aiiioe  S124|  X  61  z  129.5»4|, 


the  rerolution  of  the  whoeiL  woM  want 


of  being  complete;  that  is,^ 


JL 


5|  diyiaionf 


or  about  Trhrth  part  of  iti  circumference :  a 


129,600' 
quantity  quite  inappreciable. 

In  aereral  maohinee  it  is  neceisaiy  to  prcmde  a  rotary  motion  more  iKjfid  at  <Nie 
porti<m  of  a  ley^utbn  than  HI  another,  aa,  fSor  inttaaoo,  in  machines  for  slotting  and 
planing  iron.  The  iron  to  b§  planed,  or  tha  tool  which  planes  it,  makes  a  rectilinea 
stroke  slowly  k^  the  one  ditoetton  while  the  metal  is  beiog  cut,  but  may  be  drawn  back 
rapidly  in  the  opposite  direction  wh«n  ao  work  is  done.  For  producing  motion  of  this 
kind,  eUiptioal  geared  wheels  are  flBiplciyed  (Fig.  292).    The  ellipse  is  a  curve^  of  which 

tibe  line  A  B  is  called 
the  greater  axis,  and 
eacbof  thetwopoi&ts 
C  i^d  B  in  that  line 
is  called  a  foeus.  If 
to  any  point  £  in 
the  circnmlerence  of 
the  eUipse,  lines  G£ 
and  I)£  be  drawn 
from  the  foci,  the 
sum  of  their  lengths 
is  equal  to  that  of 
the  axis  A  B.  Far- 
thest if  the  lines  C£ 
and  D£  beprolonged 
b^cmd  the  curve, 
and  a  line  FQ  drawn 
soastodivide  equally 
either  of  the  angles 
lortied  bjy  their  in- 
tsiseotion,  the  Ime 
F  G  is  a  tangent  to 
ite«iryeat£;that 
Is,  it  touches  it,  but 
does  net  cut  it;  or 

every  part  of  it,  except  mer«ly  thi»  pobit  S,  fies  sntMy  o«lal4a  «f  the  vurve.  li,  in 
the  pr^onged  portions  of  the  lines  OS  and  D  £,  lengths  SK  and  SH  be  aMasuredoff 
equal  to  DE  (md  €E  respectirely,  H  and  E  may  be  taksh  aa  the  foei  <»f  another 
elHpse,  piedsely  equal  itt  every  respect  to  the  orig^ial  ellipse  and  having  tike  axis  ZiM 
and  the  tangent  P  O  touching  ft  Ht  E;  and  as  ^O  tottshes  both  ellipsBs,  they  touch  - 
each  other  at  the  same  point  E,  and  the  length  of  the  fine  CK,  which  ia  made  up  of 
CE  and  EE,  or  its  equal  ED^  is  equal  to  AB  or  LM. 

These  peculiar  properties  of  the  ellipse  enable  us  to  employ  eUiptioal  wheels,  each 
revolving  round  a  focus  as  a  centre,  O  for  the  one  and  E  for  iibe  other,  the  two  fed 
maintaining  a  constant  distance  apart,  whatever  be  the  relative  position  in  wMoh  dM 
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▼heels  lie  with  respect  to  each  othiit.  The  dreumferenues  are  cut  into  teeth  and  spaces 
like  ordinaiy  eireular  gearing,  the  elUptlciil  corves  being  their  pitch  lines,  on  which 
the  equal  (fivisions  are  Mt  out 

It  will  Ira  obee^i^  that,  during  a  terolntion  of  these  wheels,  the  t>oint  M  gears 
with  B,  and  the  pomt  L  gears  wiHi  A;  but  as  the  radii  of  these  points  are  CB  and 
K  M,  and  E  L  and  0  A  respective^,  the  angular  Telocities  of  the  wheels  at  these  points 
vtaj  invefselj  as  the  lengths  of  these  iradfi.  tf,  for  instance,  C  A  be  Jth  of  A  B,  and 
therefet«  €  B  2±  ftbs  <$f  0  A,  KM  being  equal  to  C  A  and  KL  to  CB,  When  the  points 
B  and  M  are  engaged  the  wheel  2  is  revolving  with  3  times  the  angular  Telocity  of  1, 
because  the  ndius  0  B  is  three  times  the  lengtii  of  KM;  but  irlien  the  points  A  and  L 
are  engaged,  the  wheel  2  is  revolving  with  }rd  of  the  angular  velocity  of  1,  because 
AC  iajftd  tit  KL.  Bo  at  tdl  points  intermediate  to  tliese,  exeept  at  N,  0,  P,  and  Q, 
where  the  twfii  are  equal,  the 
Ye?a^e  an^itfair  *teloe9eiei  of  the 
wheela  'ttaf  between  ^llhe  Umits 
we  hate  named. 

Fbr  some  purposes in^e  manu- 
fedtvre  of  textile  fkbrica,  gearing 
like  that  in  Fig.  2(IS  is  employed. 
These  vary  the  angular  velodtiea 
4  times  In  «?fery  tevoiutton;  and 
the  prindipfd  cenadltion  of  their 
constraditm  is,  that  the  distance 
between  dielr  eentMs  be  %  oon- 
fetant  qoarftity. 

The  MM  nnd  pkthH  %»hed  is  a 
contrivance  ^  ooiivertiag  a  re- 
ciprocating into  a  toUty  motion.    It  was  employed  by  Watt  instead  of  the  craa*  la  a 
steam-engine,  iKrt  became  he  preferred  it  to  the  latter,  but  because,  through  Hie  bad 
'  fedth  of  a  workman  who  patented  the  crank  as 

his  own  invention,  he  was  precluded  from  em- 
ploying it  The  sun  or  central  wheel  A  (Fig. 
264)  gears  with  the  planet-wheel  B,  wliich  is 
caused  to  revolve  round  A  without  rotating 
round  its  own  centre,  being  fixed  to  the  end 
of  the  connecting-rod,  and  retained  in  gear 
with  A  by  means  of  a  link  connecting  their 
«Batres,  and  revolvhig  freely  with  B.  When 
<tiie  ami  «nd  plaaet-wks^  have  equal  numbers 
of  testh,  iirery  rev^laitioB  of  the  Utter  causes 
8iev(dirtUHie€  tin  «fehnet,  «a  may  be  undeN 
wtood  ^  wadaling  ^  rdative  positions  of  a 
tooth  in  eaoh  at  dileiBBt  parts  e£  a  revolution. 
WhUL  the  flaMtt  is  vertically  above  the  sun- 
W^iesl,  theioeth  B  of  the  one  is<engaged  witli  the 
•paee  Aof  the  oter ;  and  when  the  planet  has 
made  half  a  revolution,  ao  aetobefertioaliy  !^owaie«m,the  sun  lias  made*  complete 
revolution,  ao  as  to  briag  the  apace  A-qmte\n)imd  to  the  point  where  it  was  at  the 
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at.  One  half-reyolutioii  of  A  U  owing  to  tbe  half-rerolutioii  of  B  pro- 
pelling it  round,  while  the  other  half-reyolution  of  A  is  effected  by  the  soli  of  the 
toothed  half  circumference  of  B  presenting  fresh  teeth  and  spaces  to  A  at  the  sucoessiYe 
point!  of  its  revolution.  When  the  numbers  of  teeth  in  the  two  wheels  are  di£fctent, 
the  Telocity  of  the  sun-wheel  Taries  accordingly,  as  may  be  best  understood  by  an 
example.  Let  us  suppose  that  the  sun-wheel  has  40  teeth,  and  that  the 'planet 
has  60 ;  then,  during  one  reyolution  of  the  planet,  it  has  presented  the  whole  of  its  50 
teeth  to  the  sun-wheel,  and  therefore  turned  it  through  60  teeth,  as  well  as  its  own 
complete  revolution  of  40  teeth.  The  sun-wheel,  therefore,  during  1  revolution  of  the 
planet-whe^  turns  round  a  distance  equivalent  to  90.of  its  teeth,  cr  ffths  =  2|  revo- 
ItttionSk 

FzictioA. — ^It  is  often  necessary  to  provide  the  means  of  stopping  the  motion  ef 
machinery  when  the  mere  cessation  of  power  in  the  prime  mover  ia  not  sufficient  for  the 
purpose.  In  a  crane,  when  lowering  a  heavy  weight,  it  may  be  desirable  to  lower  it  to  a 
certain  point  and  no  farther,  and  therefore  to  stop  the  machinery  of  the  crane  when  the 
weight  has  descended  sufficienUy  for.  Or,  again,  in  any  apparatus  provided  with 
a  fly-wheel,  or  parts  moving  with  considerable  momentum,  such  as  might  continue  the 
movement  after'  the  power  has  been  withdrawn,  it  may  be  essential  to  provide  the  means 
of  stopping  the  movement  more  suddenly.  The  most  simple  arrangement  for  this  pur- 
pose  is  the  break  at  Mction-strap  (Fig.  266).  a  is  a  wheel  revolving  with  the  rest  of  the 
machinery,  and  bb%  flexible  ^ap  of  iron  passing  round  part  of  its  circumference.  One 

end  of  this  strap  being  fixed  by 
a  pin  to  some  motionless  part  of  ' 
the  machine,  and  the  oth»  at- 
tached to  a  lever  «  pivoted  on  a 
fulcrum  df  on  applying  force  to 
the  long  arm  of  the  kvw,  the 
strap  is  drawn  tightly  round  the 
circumference  of  the  whe^  and 
the  Mctioif  caused  by  the  close 
contact  soon  brings  the  wheel  to 
rest.  The  great  advantage  of 
employing  friction  as  a  means  of 
arresting  motion,  consists  in  the 
circumstance  that  it  acts  not  sud- 
denly but  gradually.  Were  some 
solid  obstacle  presented  to  the 
motion  of  any  part  of  a  train  of  heavy  or  rapidly  moving  machinery,  the  momentum  of 
all  the  moving  parts  would  have  to  be  suddenly  destroyed,  and  as  no  time  would  be 
aflbided  for  this  operation,  the  strain  would  be  incaloulably  great,  and  inevitable 
damage  would  ensue.  But  when  the  friction-break  is  employed,  the  wheel  to  which  it 
is  applied  makes  perhaps  two  or  three  revolutions  before  it  comes  finally  to  rest,  and  the 
time  so  occupied  allows  the  momentum  of  all  the  parts  connected  with  it  to  expend 
itself  in  overcoming  the  great  additional  resistance  caused  by  the  friction. 

In  putting  an  extensive  train  of  machinery  in  motion,  the  inertia  of  all  the  parts  at 
Yest  has  to  be  evoroome  in  like  manner ;  and  were  this  done  suddenly  the  strain  would  be 
as  great  as  in  the  opposite  case  of  suddenly  arresting  Hneiv  motion.  This  contingeiicy 
ia  generally  met  by  the  use  of  pulleys  ai^I  straps  in  communicating  the  power.    A  straps 
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communieating  motion  from  one  pulley  to  another,  acts  only  by  its  friction  on  their  oironiD- 
f erences ;  and 
whenthestrain 
which  it  has  to 
overcome  ex- 
ceeds the  force 
due  to  its  fric- 
tion, the  strap 
slips  at  first  to 
a  considerable 
extent,  butgra- 
dually  less  and 
less,  until  the 
proper  velocity 
is  attained  and 
the  strap  and 
circumference 
of  the  pulley 
move  in  uni- 
son. Incases 
where  straps 
cannot  be  con- 
veniently ap- 
plied for  driv- 
ing a  train,  a 
friction  coup- 
ling is  em- 
ployed. Fig. 
266  is  a  view 
of  one  very 
generally  used. 
A  is  the  driv- 
ing shaft,  and 
B  the  driven 
shaft,  the  ends 
of  which  are 
fr^  to  revolve 
in  the  boss  of 
a  wheel  C,  true 
and  smooth  on 
its  circumfer- 
ence, to  whidh 
is  applied  a 
friction  -  strap 
D  worked  by  a 
suitable  lever. 


Flg.SM. 


Within  the  wheel  0  a  bevel-pinion  F  is  mounted  in  bearings,  its  axis 
being  at  lig^t  angles  to  that  of  the  wheel  and  shafts ;  and  bevel  wheels  O  and  H,  one  on 
each  shaft,  are  fitted  to  gear  with  the  pinion  F.    If  the  friotion-strap  D  be  loose,  so  as 
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to  leave  the  wheel  C  free  to  revolve,  the  rotation  of  the  shaft  A  and  ita  wheel  G  gives 
motion  to  the  pinion  F,  and  causes  its  teeth  to  travel  in  those  of  the  stationary  wheel 
H,  and  thus  to  make  the  whttl  0  rotate  at  half  the  angular  velocity  of  A  without 
putting  B  in  motion.  But  if  0  he  anrested  by  the  friction  of  the  strap  D,  the  axis  of  F 
becomes  fixed,  and  the  rotation  of  A  and  O  is  communicated  through  F  to  B  and  H  at 
the  same  speed,  but  in  the  opposite  direction.  The  use  of  the  friction-strap  in  this 
apparatus  presents  the  advaiitagM  in  gradually  generating  momentum  in  the  driven 
machinery,  similar  te  those  derived  from  its  use  in  destroying  the  momentum  of 
machinery  in  motion.  Although,  for  the  sake  of  simplicity,  we  have  represented  only 
one  bevil  pinion  F  mounted  in.  the  friction- wheel,  it  is  customary  to  provide  at  least 
two  on  opposite  sides  of  the  centre  in  ord^  to  balanoe  it,  and  sometimes  four  are  fitted 
for  the  sake  of  equilibrium  and  strength. 

It  often  becomes  important  to  inquire  what  amount  of  power  is  communicated 
through  a  certain  tndn  of  machinery.  When  a  ifteam-engine  is  employed  as  the  prime 
mover  of  any  machine,  the  power  communicated  oan  be  readily  ascertained  by  the  indi- 
cator. The  engine  is  first  worked  alone,  or  with  OMrely  the  train  of  wheel- work,  in 
order  that  the  power  necessary  to  overcome  friotion  may  be  estimated.  It  is  then  worke  d 
in  connection  with  the  machine,  and  Uie  driving-power  required  for  the  machine  is 
ascertained  by  subtracting  the  foMe  necessary  to  overcome  friction  from  the  total  power, 
including  friction  and  the  r^istanoe  of  the  machine.  When  machinery  is  driven  by- 
some  other  power,  or^when  the  tiidloator  cannot  be  conveniently  appfifid*  the  dyna- 
mometer (power-measurer)  is  emplofed. 

The  most  simple  kind  of  dynamometer  consists  of  a  pulley  A  (Fig.  267)  fixed  on  the 

driving-shaft  of  themachineiy' 
whose  power  is  required  to 
be  known.  This  pulley  is 
surroittided  by  a  flexible 
friofcion^strap  C  B  B,  the 
idncfe  of  which  may  be  drawn 
idoldly  together  by  a  screw  at 
D»  io  as  to  tighten  the  strap 
tA  much  as  mgy  be  necessary 
on  the  circumference  of  the 
pufiey.  From  «  hook  G  at- 
tached to  the  str^  is  sns- 
Ipended  a  scale  %  in  whidi 
^sufficient  weights  omy  be 
placed  to  prevent  the  strap 
from  being  carried  round  by 
the  pulley  in  its  revolution. 
A  loose  cord  -or  chain  06 
fixed  at  G  is  also  provided  to 
keep  the  strap  in  its  place  in 
ease  of  the  load  £  being  in- 
jRifficneat  4»  counterbalance 
the  friction  of  the  itfap.  Without  tiiis  loose  >oai4)  a  audden  increase  of  «peed  or  fric- 
tion might  lift  the  aca^  «b4  weights,  aa^  whirling  them  round  the  pulley,  do 
serious  damage  to  the  machinery.    In  using  this  madiine,  the  speed  of  tiie  shaft  is 
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oareftiUy  assceftftiTied  by  oottu^g  the  nittriber  of  iti  rsyoliitidns  per  minttte,  and  the 
8<»ew  D  is  gmckiaily  tightened  until  the  seale  snd  its  load  are  just  kept  up  by  the  fric- 
tion, the  {inagin&rf  line  A  G  being  horizontal.  If  the  tightening  of  the  screw  cau9«»  thi^ 
scale  to  be  lifted  witiiowt  x^ndng  the  speed  of  Ihe  iralley,  more  weight  has  to  be  added 
to  the  scale ;  but  if  the  scale  with  its  load  cannot  be  lifted  withont  retarding  tibe  pulley, 
the  weight  must  be  reduced.  Having  found  the  weight  that  is  jutt  supposed  when  the 
Telocity  is  (eorrexit,  ike  power  may  be  ascertained  as  follows  :-^The  length  of  A  C  being 
the  leTotbge  at  which  the  height  E  acts  to  retard  the  rotation  of  the  pulley,  the  power 
pMsing  l^uottgh  the  pulley  ttiu:^  be  such  as  would  lift  the  given  weight  at  the  distanca 
A  0  from  it6  centre,  or  that  would  during  each  revolution  move  the  weight  E  through 
a  space  eijnivalcnt  to  the  ciroumfeirenee  of  a  oirole  having  A  C  for  its  radius.  Since 
twice  A  C  is  the  diameter  of  this  imaginary  circle,  and  the  circumference  is  3f  times 
tiie  diameter,  2  X  3|  or  6f  tim^  AC  is  the  space  t^trough  which  the  weight  is  driven 
during  etch  re^volntion,  and  this  quantity  multiplied  by  the  number  of  revolutions  per 
minute  is  the  total  space  through  which  the  resistance  is  moved  during  each  minute. 
The-poweristhe  Wt^ht  multiplied  by  its  velocity  or  the  distance  through  which  it  is 
moved  per  msaute ;  and  as  33,000  lbs.  moved  through  1  foot  per  minute  is  the  standard 
horse-p^rwexv  we  hatts  the  following  rule  for  estimating  the  horse-power  as  indicated  by 
the  drnamolniBter. 

JM^.^Msltiply  weight  E  (in  lbs.)  by  the  length  of  AC,  the  lever  at  which  the 
weight  acts  (in  fifeet)  by  6f  and  by  the  number  of  revolutions  of  the  pulley  per  minute, 
nnd  d^vi4e  hj  28,060  for  the  horse-power. 

JS^eemti^^f.— The  Itfngth  of  A  0  being  2  feet  4  inches,  or  2}  ifbet,  the  load  E  (including 
the  weight  of  the  scale)  being  78  lbs.,  and  the  v^oeity  of  the  pulley  120  revolutions 
per  minute,  tfequired  the  power. 

781ba.X2txe»Xl20  _  ...  »,A«».t««..«^ 
33000 :*  "  ^^'^P^^^' 

In  dynamoneters  of  this  kind  the  friction-strap  is  plentifully  supplied  with  oil,  and 
it  is  fouiid  betteir  to  foce  the  interior  of  the  friction-strap  with  blocks  of  wood  bearing 
on  the  svr&oe  of  the  pulley ;  because  the  Miction  of  wood  on  iron  is  of  a  more  constant 
character  timi  that  of  iron  on  iron.  Whoi  iron  rubs  on  iron  without  the  presence  of 
oil  cr  gnsue)  great  heat  is  produced,  and  the  metal  surfaces  cut  iato  each  other  and  be- 
oome.rottgbeaed.  But  when  wood  bears  on  iron,  if  the  surfaces  are  not  oiled,  the  heat 
produced  by  the  friction  will  only  char  the  wood  without  damaging  the  iron,  and  will 
not  effect  any  great  variation  in  the  amount  of  friction. 

Friction  is  also  employed  as  a  means  of  arrestii^g  motion  in  the  case  of  carriages  on 
decHvities  and  railway  trains.  By  the  use  of  wheels  to  carriages  the  friction  is  trans- 
ferred'fiom  the  sur&ce  of  the  road  or  rail  to  that  of  the  axle.  As  the  radius  of  the 
wheel  18  the  length  of  lever  at  which  any  obstacle  opposed  to  its  progress  acts,  while  the 
Tery  much  smaller  radius  of  the  axle  is  the  lever  at  which  its  friction  acts  to  oppose  the 
rotation  of  the  wheel,  the  larger  the  wheel  and  the  smaller  the  axle,  the  less  is  the  resist- 
ance from  friction.  If  we  were  to  suppose  the  axle  extended  to  almost  the  whole  dimen- 
efons  of  the  wheel,  that,  in  fact,  the  wheel  were  only  the  thin  iron  tyte  revolving  round 
a  solid  oentral  part,  the  resistance  to  the  motion  of  the  carriage  would  be  almost  as  great 
as  if  it  were  dragged  along  like  a  sledge.  So  if  the  wheel  be  prevented  £rom  revolving, 
it  has  to  be  dragged  along  the  road,  and  the  oppositiofn  which  the  friction  thereby  created 
presents,  acts  as  a  great  retarding  force.  In  ordinary  carriages  the  wheel  is  generally 
prerented  from  revolving  by  placing  under  it  a  skid  or  plate  of  iron  attached  to  the  catw 
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riage  by  a  chain,  which  haa  to  be  dragged  along  like  a  aledge.  In  railway  carriages  the 
rotation  of  the  wheeU  ia  arrested  by  means  of  blocks  of  wood  pressed  against  their  cir 
oumferences.  These  blocks  are  oenaeoted  by  levers  and  rods  with  screws  conreniently 
situated,  so  that  the  engine-diiyer  and  guards  can  force  them  i^ainst  the  wheels  or  re- 
move the  pressure  at  pleasure. 

Except  in  these  few  instances,  and  that  of  pulleys  and  straps,  m  which  friction  is 
employed  as  a  means  of  communicating  power  or  arresting  motion,  itaots  as  a  resistance 
in  all  mechanical  arrangements.  Although  this  resistance  cannot  be  totally  oyercome, 
yet  by  carefully  designing  the  arrangements  of  machinery  with  regard  i»  the  simplicity 
and  proper  fonnation  of  its  parts,  by  good  execution  of  the  work,  by  the  selection  of  suit- 
able materials,  and  due  provision  of  lubricating  materials  wh«;rever  surfieuies  move  in 
contact  with  each  other,  it  may  be  diminished  to  a  very  great  extent. 

In  order  that  we  may  fenn  a  dear  estimate  of  friction  as  a  retarding  force,  we  may 

suppose  A  (Fig.  268) 
to  be  a  piece  of  mate- 
rial,   such    as    iron, 
wood,   brass,    or   the 
like,  having  a  smooth 
lower  sur&ce  in  con- 
tact with  a  smooth  ta- 
ble B  of  the  same  or 
any  other  material    If 
A  be  pressed  down  by 
a  perpendicular  foree 
C,  it  will   be   found 
that  in  order  to  move 
it  laterally  along  the 
table,  some   force   J) 
will  have  to  be  im- 
pressed upon  it,   and 
this  force  will  be  great- 
er the  greater  the  per- 
pendicular pressure  G. 
There    is,    therefore, 
under   these   circum- 
stances, a  force  acting 
in  the  direction  of  the 
arrow  £,  not  tending 
to  put  A  in  motion,  but 
resisting  its  motion  in 
obedience  to  the  force 
D.  The  resisting  force 
£  is  the  friction  of  the 
surfaces  A  and  B.    In 
order  to  measure  the 
amount  of  this  resist- 
ance, let  us  suppose  a  force  PA  acting  obUquely  at  such  an  angle  "J»st  *?  <»^ 
A  to  slide  along  the  table ;  then,  on  completing  the  parallelogram  F  G  A  H,  while  F  H 
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or  O  A  measarefl  the  amoimt  of  force  acting  perpendicularly  to  the  table,  F  6  or  HA 
meaanres  the  force  acting  parallel  to  the  table  and  causing  A  to  slide  along  it. 

Now  it  is  fonnd  practically  that  whatever  be  the  absolute  force  FA,  and  whaterer 
be  the  extent  of  A's  sur&oo  in  contact  with  B,  the  obliquity  of  F  A  or  the  angle  F  A  Q^ 
which  it  makes  with  the  perpendicnlar,  when  it  just  causes  A  to  slide,  is  yery  nearly 
constant  for  any  given  materiaL 

The  ratio  which  A  H  bears  to  A  6,  or  the  fraction  expressing  the  division  of  A  H  by 
A  6,  is  called  the  eoeffieimt  offrietion^  and  the  angle  F  A  G  is  called  tiie  limiting  angU  of 
reaiitanee.  Some  very  careAil  experiments  have  been  made  to  determine  the  values  of 
these  for  different  materials;  their  results  are  embodied  in  the  accompanying  table.  The 
coefficient  of  friction  is  the  tangent  of  the  limiting  angle  of  resistance ;  and  if  we  know 
the  one  we  can  easily  find  the  other  from  a  trigonometrical  table.  We  have,  however, 
given  an  approximate  value  of  both  to  save  the  trouble  of  reference.  As  an  example  of 
the  practical  application  of  these  numbers,  we  may  take  the  case  of  brass  and  iron,  for 
which  the  coefficient  of  friction  is  *143  and  the  limiting  angle  8**.  I^  then,  a  piece  of 
smooth  iron  weighing  1  cwt.  rested  on  a  brass  plate,  it  would  require  a  lateral  force  of 
16  lbs.  to  cause  it  to  slide,  for  112  lbs.  (the  vertical  pressure)  X  '143  =  16  lbs.  Or,  if 
the  brass  plate  were  inclined  8°  to  the  horizon,  the  irtm  would  slide  along  it  from  its  own 
weight.  Or,  again,  if  we  suppose  a  smooth  round  shaft  of  iron,  weighing  1  ton,  revolv- 
ing in  a  brass  bearing,  the  force  necessary  to  be  applied  at  the  circumference  of  the  shaft 
to  overcome  its  friction  would  be  2240  X  *143  =  320  lbs.  ABwuming  the  shaft  to  be 
6  inches  diameter,  or  to  have  a  radius  of  3  inches  at  the  bearing,  the  length  of  the 
radius  3  inches  is  the  leverage  at  which  the  friction  acts  to  resist  its  rotation,  and  the 


resistance  320  lbs.  at  this  leverage  is  equivalent  to  320  X 


12  JQ. 

3  in. 


=  80  lbs.  at  a  radius 


of  1  foot.  By  a  similar  method  of  calculation  the  resistance  due  to  the  sliding  friction 
either  of  plane  or  of  cylindrical  sur&oes  of  these  or  other  materials  may  be  readily 
estimated. 

TABLE  OF  V&ICnON. 


Materials  of  which  the  Bubbing  Surfaces 
Consist. 

CoefBcient  of  Fric- 
tion, Pressure 
being  1. 

Limiting 

Angle  of  Re- 

ustance. 

.Steel  and  Ice 

0014 
0130 
0136 
0142 
0147 
0160 
0160 
0163 
0-167 
0170 
0-176 
0180 
"     0190 
0-260 
0-266 
0-300 
0-347 
0-364 
0-436 

3P 

7p 
8* 

9f 
9  ° 
9f 
10^ 
10J» 
10:° 
14* 
14*'' 
16^ 
lOf 
20° 
231' 

Tee  and  Ice ^ . . »   ^ 

Hard  Wood  and  Hard  Wood    

Brass  and  Steel  or  Iron ..,...' 

Soft  Steel  and  Soft  Steel   

Cast  Iron  and  Steel    

Wrougfht  Iron  and  Wrought  Iroii    . . 

Cast  Con  and  Cast  Iron    

Hard  Bi«s8  and  Cast  Iron 

Cast  Iron  and  Wrought  Iron    

Brass  and  Brass 

Tin  and  Iron 

Soft  Steel  and  Wrought  Iron    

Leather  and  Iron    

Tin  and  Tin    

Granite  and  Granite 

Yellow  Deal  and  YeUow  Deal 

1    Sandstone  and  Sandstone 

,    Woollen  aoth  and  Woollen  Cloth  . 
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The  niimbon  in  the  preceding  table  apply  in  the  case  of  smooth  surfiices,  such  as  are 
employed  in  well-constructed  machinery.  When  the  surfaces  are  rough,  tiie  Resistance 
may  be  iucreased  indefinitely,  and  there  can  be  no  means  of  calculating  its  amount. 
When  the  sur&ces  are  oiled,  the  friction  is  considerably  reduced ;  but  as,  in  all  ma- 
ohinery,  the  rubbing  surfiices  are  liable  to  become  dry,  or  roughened  by  wear  or  the 
presence  of  grit,  we  think  that  in  estimating  the  loss  by  friction,  the  numbers  in  the 
table  should  be  employed  without  any  allowance  fbr  lubrication. 

The  best  experiments  made  to  fix  &ese  numbers  are  those  by  Bennie,  who  tested  the 
materials  under  a  pressure  of  36  lbs.  per  square  inch  of  rubbing  surface.  For  greater 
pressures  the  friction  is  rather  less  in  proportion,  but  the  numbers  given  are  sufficiently 
near  for  practical  use.  In  general  it  appears  that  when  both  surfkces  are  of  the  same 
material,  the  friction  is  greater  than  when  they  are  of  different  materials.  This  is 
belieyed  to  be  owing  to  the  presence  of  a  certain  amount  of  that  cohesiye  fbrce  which 
holds  the  molecules  of  any  material  together ;  and  it  is  found  to  be  greater  the  smoother 
the  surfaces,  and  therefore  the  more  intimate  their  contact.  Independently  of  this  cir- 
cumstance, however,  it  is  generally  found  inexpedient  to  make  the  rubbing  surfkces  in 
machinery  of  the  same  material,  especially  when  there  ia  any  risk  of  their  becoming 
heated  by  great  pressure  or  rapidity  of  motion.  In  such  cases,  the  particles  of  the  one 
appear  to  blend  with  those  of  the  other,  the  surfaces  become  cut  into  ridges  and  hollows, 
and  sometimes  cohesion  takes  place  with  such  force  that  the  materials  themselves  give 
way  rather  than  separate  frt>m  each  other  at  their  surfaces.  This  result  is  particularly 
observed  in  cases  where  irqn  and  iron  rub  upon  each  other,  especially  when  the  iron  is 
soft.  When  it  is  desired  that  the  rubbing  surfaces  should  be  both  of  iron,  it  is  better  to 
ease-harden  the  rubbing  surfiuieB,  as  is  usually  done  in  the  case  of  oarriage  axles.  Th« 
process  of  caae-hwrdening  is  effected  by  exposing  the  smooth  surfiEu^e  to  a  red  heat  for 
several  hours  in  a  taxn»fi%  in  0Qnta«t  with  substances  capable  of  fTirnishing  it  with 
carbon,  such  as  prussiate  of  potash,  leather  shavings,  and  the  Hke.  The  outer  skin  of 
the  iron  is  penetrated  by  the  carb(m,  and  beoomes  a  species,  of  steel,  which  is  rendered 
very  hard  by  plunging  it  while  still  red-hot  into  cold  water.  After  hardening,  the  sur- 
faces have  to  be  carefully  ground  smooth  and  true  with  oil  and  emery,  or  such  like 
polishing  substances ;  and,  before  use,  the  emery  must  be  carefully  cleaned  off^  as  its 
presence  would  otherwise  cause  the  sur&ces  to  cut,  to  become  hot,  and  to  cohere.  In 
the  case  of  shafts  revolving  in  bearings,  the  shafts  being  generally  of  iron  are  made  to 
rest  in  bushes  made  of  brass,  gun-metal,  tin,  or  some  soft  alloy.  The  rubbing  sur- 
fiices  are  made  to  fit  each  other  accurately,  being  turned,  bored,  filed-  or  seraped  where 
necessary  until  the  contact  is  made  nearly  perfect.  When  the  contact  is  very  imper- 
fect, or  only  takes  place  at  a  few  points  of  the  surface,  these  become  rapidly  worn  and 
cut,  and  the  heat  produced  by  iheii  wear  expands  unequally  other  portions  of  the  sur- 
faces, which  become  abraded  in  their  turn.  In  cases  where  great  pressure  is  sustained 
on  a  bearing,  the  surfaces  of  contact  are  extended  as  much  as  possible,  so  that  the 
intensity  of  pressure  on  any  portion  of  the  sur&ce  may  be  as  small  as  possible.  For 
shafts  lying  in  cylindrical  .bearings,  the  extension  of  surface  is  best  effected  by  lengthen- 
ing the  bearing^  not  by  iacreasi&g  its  diameter.  By  increasing  the  length*  the  surface 
is  proportionally  increased,  ^e  pressure  per  square  inch  is  proportioG«lly  diminished, 
the  amount  of  friction  is  not  altered,  but  the  tendency  to  cutting  or  wear  is  reduced. 
But  were  the  diameter  increased,  although  the  sur&ce  would  be  also  increased,  and  the 
wear  reduced,  yet  the  friction  would  act  at  an  increased  leverage,  and  have  greater 
effect  as  a  resisting  force.    When  the  pressure  is  directed  longitudinally  along  the 
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shaft,  the  bearing  aurfaoe  is  increased  by  forming  on  the  shaft  numerous  collars  or  pro* 
jecting  rings,  which  are  made  to  press  against  fixed  ring«bearings  fitted  between  them. 
The  total  pressure  of  the  shaft  is  thus  subdivided  over  the  combined  suxfftce  of  aU  the 
collars,  and  the  ring-bearings  being  made  capable  of  adjustment  by  regulating  screws, 
no  one  of  them  is  unduly  pressed  upon.  Such  a  form  of  bearing  is  pa^cularly  useM 
in  steam  vessels  fitted  with  screw-propellers.  The  propeller  in  revolving  through  th^ 
water  tends  to  throw  it  backwards  from  the  vessel^  and  the  reaction  of  the  water  is  the 
force  which  propels  the  vessel.  But  this  force,  sometimes  amounting  to  several  ton% 
is  communicated  through  the  shaft  of  the  propeller  to  some  fixed  point  m  the  vessel; 
and  at  this  point  is  situated  the  bearing  such  as  we  have  d^crlbed,  technically  called 
ihepwhing  bearing. 

The  friction  of  straps  upon  pulleys  depends  upon  the  extent  to  whioh  they  are 
tightened,  the  extent  of  circumference  with  which  they  are  in  contact,  and  their 
breadth.  It  is  commonly  believed,  that  the  greater  the  diameter  of  pulley,  the  more 
surely  does  the  strap  caude  it  to  revolve' without  slipping.  Theoretically,  however,  and 
we  believe  practically,  it  will  be  foimd  that,  with  equal  degrees  of  tightness,  equal 
breadths  of  strap,  and  equal  circumstances  as  to  perfection  of  contact,  the  friction  of  a 
strap  on  the  circumference  of  a  pulley  is  the  same,  whatever  be  its  diameter.  The  only 
circumstance  that  can  affect  the  constancy  of  the  result  is,  that  straps  not  being  per- 
fectly flexible  lie  more  closely  to  sur&ces  curved  to  a  large  radius  than  to  those  of 
smaller  radius.  When  a  certain  amount  of  power  has  to  be  communicated  through  a 
strap,  the  speed  at  which  the  strap  moves  has  to  be  taken  into  account^  because  power 
being  pressure  multiplied  by  velocity,  the  greater  the  velocity  with  which  the  power  is 
transmitted  the  less  the  pressure  that  has  to  be  communicated  at  that  speed.  In  this 
sense,  then,  it  appears  that  the  larger  the  pulley  the  less  is  the  slip  of  the  strap, 
cause  the  greater  the  circumference  of  the  pulley  revolving  at  a  given  angular 
elocity,  the  greater  is  its  absolute  velocity  through  space,  and  therefere  the  less  the 
pressure  required  to  communicate  a  given  power.  It  is  found  practically  that  a  leather 
strap  &  inches  wide,  embracing  half  the  circumference  of  a  mioothly-tumed  iron  pulley, 
and  travelling  at  the  rate  of  100  feet  per  minute,  can  ^'*^»^i**'!Wf*"  1  horse-power.  For 
communicating  any  given  power  at  any  given  velocity,  the  breadth  of  the  strap  may  be 
found  thus : — 

RuU. — ^Multiply  the  power  (horse)  by  800,  and  divide  by  l^e  speed  (in  feet  per 
Ininute) ;  the  quotient  is  the  breadth  ef  strap  in  inches. 

BauimpU  l.-^Bequired  the  breadtii  of  strap,  travelling  600  fe«t  per  minute,  to  com- 
muoleftte  12  horse-power. 

Width,  i?-^^  =  16  inches. 

iVbto.— When  the  diameter  of  pulley  (in  feet)  and  the  number  of  revolutions  per 
minute  are  given,  the  speed  of  the  Strap  is  found  by  multiplying  the  given  number  of 
revolutions  by  the  diameter  (in  feet),  and  by  3f . 

BxampU  2. — Bequired  the  breadth  of  strap  fbr  communicating  10  horse-power  to  a 
poSey  8  ft.  6  ins.  diameter,  revolving  150  times  per  minute. 

Speed  of  strap^  150  X  3}  ft.  X  3i  =  1650  feet  per  xnxant?. 

10  M  AOO 
Breadth,  -^^^  =  5  inches  nearly. 

When  lew  thaa  half  the  eireumlerence  of  the  pulley  is  etibraiced,  the  strap  must  be 
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proportionally  wider ;  and  when  more  than  half  the  oircumferenoe  is  embraced,  ite 
width  may  be  less.  Thus,  if  the  strap  be  in  contact  with  only  Jth  of  the  circum- 
ference, its  breadth  must  be  doubled,  because  |  is  double  of  Jth.  Again,  if  it  be  in 
contact  with  Jths  of  the  circumference,  its  breadth  may  be  fids,  because  i  is  frds  ct 
f  ths ;  and  so  in  other  cases,  tfaa  breadth  being  inversely  proportional  to  the  amount  of 
circumference  embraced. 

In  all  cases,  however,  much  depends  on  the  tightness  of  the  strep,  the  limits  to  the 
force  with  which  it  is  strained  being,  first,  the  tensive  strength  of  the  strep  itself,  and^ 
secondly,  the  amount  of  pressure  that  it  may  be  convenient  to  throw  upon  the  shaft 
and  its  bearings.  New  straps  become  extended  by  use,  and  it  is  therefore  frequently 
necessary  to  take  them  up  or  shorten  them.  Before  use,  they  should  be  strained  for 
some  time  by  weights  suspended  from  them,  so  as  to  leave  less  room  for  extension  while 
in  use.  Wherever  straps  are  employed,  they  should  be  of  the  greatest  breadth,  and  travel 
at  the  greatest  speed  consistent  with  convenience,  as  it  is  most  important  to  have  the 
requisite  strength  in  the  form  most  suited  for  flexure,  and  the  least  possible  strain  on 
the  shafts  and  bearings. 

When  ropes  or  chains  are  employed,  as  in  cranes,  capstans,  windlasses,  or  the  like, 

for  raising  heavy  weights  or  resisting  great 
4  strains,   the  requisite  amount  of  friction  is 

•I  obtained  by  coiling  them  more  than  once  round 

m  the  barrel  of  the  apparatus.    It  is  found  that 

B  one  complete  coil  of  a  rope,  as  in  Fig.  269,  i«o- 

H  duces  a  friction  equivalent  to  9  times  the  tension 

I  on  the  rope,  the  barrel  being  fixed;  that  is  to 

I  say,  1  lb.  or  1  cwt.  of  tension  on  the  end  of  a 

M  rope  at  A,  can  support  9  lbs.  or  9  cwt.  of  ten- 

pBMMBBMBnBBBBBB  sion  at  B.  Were  the  end  B  of  the  rope  coiled 
^^^^^^^^^^^^^^^^^m  again  round  a  barrel,  it  would  support  9  timea 
^^^^^^^^H^^^^HjH  its  tension,  that  is,  9  X  9,  or  81  times  the  ten- 
^^^^^^^^^^^^^^^^^^^  sion  of  A,  and  so  on,  coil  after  coil  increasing 
I  the  friction  in  a  very  high  ratio. 

I  The  rule  by  which  this  maybe  calculated  is 

■  very  simple,  via. : — ^Multiply  9  by  itself  as  many 

I  times  as  there  are  coils,  and  the  product  will 

H   H  be  the  number  of  times  the  tension  at  one  end 

that  will  be  supported  at  iJie  other.    For  ex- 
ample, 1  cwt.  at  one  end  of  a  rope  coiled  three 
times  round  a  barrel  would  support  9  X  *  X  ^ 
^'  ^^'  =  729  cwt.,  or  36t  tons  at  the  other  end  of  the 

rope.  The  diameter  of  the  barrel  does  not  affect  the  result  Having  regard  to  these 
facts,  we  may  readily  understand  the  force  with  which  a  knot  on  a  cord  or  rope  resista 
the  slip  of  the  coils  of  which  it  consists,  for  the  several  parts  of  the  cord  act  as  small 
bands,  round  which  the  other  parts  are  coiled ;  and  the  yielding  nature  of  the  material 
of  which  the  barrels  are  composed,  permits  Hie  coils  to  become  impressed  into  their 
substance  on  the  application  of  force,  and  prevents  them  from  slipping  more  effectually 
than  if  they  were  coiled  on  a  hard  and  resisting  barreL 

Before  concluding  this  part  of  the  subject,  we  may  briefly  allude  to  suggestions  that 
nave  from  time  to  time  been  made  for  communicating  power  by  means  of  the  move- 
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ment  of  fluids.    Some  of  these  have  been  practically  carried  out  with  rery  good  effi)cty 
and  we  believe  that  much  may  yet  be  done  in  this  direction. 

Manufactories,  containing  numerous  machines,  are  generally  arranged  in  such  a 
manner  that  the  power  of  a  great  prime-morer,  whether  a  steam-engine  or  water-wheel, 
Ss  communicated  by  shafts,  pulleys,  straps,  and  wheelwork,  to  the  different  machinefl. 
However  excellent  may  be  the  arrangements  or  workmanship  of  the  connecting  ma* 
chinery,  still  there  must  be  considerable  waste  of  power  in  overcoming  the  mere/friction 
attending  its  motion ;  and  this  waste  is  very  much  increased  when  the  accuracy  of 
arrangement  is  afiected  by  wear,  or  by  the  unequal  settlement  of  any  part  of  the 
building  supporting  the  bearings  of  shafting.  Of  late  years,  engineers  ha¥e  devoted 
attention  to  tiie  communication  of  power  to  some  extent  without  the  intervention  of 
wheelwork  and  shafting,  but  by  the  supply  of  steam  from  a  central  boiler  to  numerous 
tmall  engines,  arranged  throughout  the  building  in  the  inmiediate  neighbourhood  of  the 
machinery  to  be  put  in  motion.  The  pipes  that  convey  the  steam  are  cheaper  in  first 
cost  than  shafting  of  equivalent  length,  their  efficacy  is  not  dependent  on  accuracy  of 
levels,  nor  is  it  impaired  by  wear ;  and  the  friction  attending  the  passage  of  steam 
through  them  is  much  less  than  the  friction  of  shafting.  It  is  true  that  the  force  of 
steam  passing  through  great  lengths  of  pipes  is  considerably  diminished  by  cooling;  but 
much  of  this  loss  may  be  saved  by  covering  the  pipes  with  non-conducting  materials, 
such  as  felt  or  sawdust.  The  objection  generally  made  to  this  mode  of  conmiunicatin^ 
power  is,  that  the  first  cost  of  the  numerous  small  engines  generally  exceeds  that  of  one 
large  engine,  and  that  each  of  the  small  engines  requires  separate  attendance.  Wo 
believe,  however,  that,  in  an  extensiye  work,  the  cost  of  steam-pipes  and  numerous 
small  engines  will  not  be  found  to  exceed  that  of  a  large  engine,  with  all  the  shafting 
and  connecting  machinery ;  and  that,  with  proper  arrangements,  the  attendance  given 
by  workmen  to  the  separate  machines  will  be  sufficient  for  the  engines  that  put  them  in 
motion.  A  number  of  machines  are  now  made  to  act  directiy  by  steam  power,  without 
tilie  intervention  of  machinery.  Among  them  we  may  cite,  as  examples,  the  steam- 
hammer  and  steam  rivetting -machine.  In  both  these  cases,  the  direct  pressure  of  steam 
upon  a  piston  takes  the  place  of  the  former  complicated  arrangements  of  wheelwork, 
eccentrics,  cams,  and  levers,  which  were  necessary  for  converting  the  rotary  motion  of 
shafting  into  the  reciprocating  movements  required  for  hammering  and  rivetting.  To 
many  other  manufacturing  operations  we  think  the  same  principle  of  movement  might 
be  applied  with  good  effect ;  and  we  believe  that  the  simplicity,  directness  of  action, 
and  facility  of  pontrol  attending  such  arrangements,  would  soon  cause  them  to  take  the 
place  of  the  more  complicated  methods  of  deriving  power  from  rotary  motions. 

The  atmospheric  railway  is  an  example  of  an  arrangement  for  communicating  power 
aix  a  large  scale  by  means  of  the  motion  of  fluids.  A  pipe,  several  miles  in  length,  with 
a  longitudinal  slit  or  opening  along  its  upper  side,  is  laid  down  between  the  rails.  Tha 
pipe  is  fitted  with  a  piston,  and  the  slit  is  covered  by  a  flexible  valve,  which  can  be 
lifted  so  as  to  permit  an  upright  rod  attached  to  the  piston  to  pass  tiirongh  the  upper 
part  of  the  pipe  to  a  carriage  mounted  on  the  rails.  When  tiie  carriage  ai^d  piston  are 
at  one  end  of  the  pipe,  the  valve  being  closed  tightiy  over  the  slit,  and  luM  by  greaae 
melted  over  it,  the  air  is  extracted  from  the  pipe  by  pumps  worked  by  a  steam-engine  ; 
and  the  pressure  of  air  on  one  side  of  the  piston  being  thus  in  a  great  measure  removed, 
the  atmospheric  pressure  acting  on  the  other  side  forces  it  along  the  pipe  with  great 
welocity,  and  thus  gives  motion  to  the  carriage  which  is  connected  with  the  piston  and 
the  train  of  carriages  attached  to  it.    The  piston  and  connecting-rod  are  fitted  with 
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Bttitableroll^  for  littmg  the  Tialve  ii^  front  of  the  upright  rod,  and  fSr  cldBin^  it  aadi 
sealing  it  up  behind  it,  bo  that  after  the  passage  of  the  train  in  one  direction,  the  pipe  • 
may  be  ready  for  exhaustion  to  draw  a  train  in  the  opposite  directfon.  In  the  trials^ 
made  with  this  system  of  propelling  trains,  it  was  found  possible  to  «ecul^  great  velo-- 
eitiesy  and  to  move  very  heavy  trains  over  severe  inclinations  when  the  pipe  and  its^ 
valve  were  in  good  order.  But  the  great  practical  difficulties  attending  the  construction 
and  tight-closing  of  the  valve  p!»oved  an  almost  insuperable  objection  totiie  use  of  th^ 
atmospheric  railway,  as-even  a  atoall  leakage  of  ait  into  the  vacuum-pipe  necessitated^ 
^e  expenditure  of  great  power  in  the  pumping  wigine  to  sustain  the  required  vacuum. 

It  was  at  one  time  proposedihat  in. the  case  of  a  city  Uke  London,  with  numerous- 
Btttefi  steam-engines  and  boilers' scattered  through  it,  power  should  be  communicated  to 
difiBerfenlft  estabUshmeuts  from  some  central  soittce,  by  means  of  compressed  air  forced 
timJ«^  p^8  hiid  down  like  the  gas  and  water-pipes  in  the  streeta.    Ofte  large  engine  ^ 
continually  sustaiiliBg  a  supply  of  air  condensed  to  a  pressure  of  several  atmospheres, . 
would  thtts4»ke  the  plaee  of  the  numerous  separate  boilers  now  supplying  steam,  and 
tiie  aSr^ta  suppHed  would  work  the  present  engineff^areffectnallj'  as  the  steam.  There 
is  little  doubt  that^  were  sjuch  an  arrangement  carried  but,  the  first  coat  of  the  air-pipeffv 
being  met,  there  ,Wouii  be  considerable  advantages  attending  i1^  in  respect  of  economy 
and  the  diminution  of  danger  from  boiler  explosions,  as  well  as  the  removal  of  numerous^ 
sources  of  offence  from  the  ohimfleys  of  uamufacturing-establsfthniBnts. 

Arrangementsof  a  similar  character  might  at  present  be  earned  out  in  cities  like 
London  without  any  great  outiay,  where  the  supply  of  water  is  adequate. .  The  pump- 
ing engineaof  the  water  companies  ijiight  be  made  the  means  oi  sup^ying  power  to 
ttumerous  establishments  of  machinery  ata  very  cheap  rate.  Itis  found  practically  tha* 
ill  pumping  water,  1  ton  of  fael  is  capable  of  raising  26,000  gallons  of  water  100  feet 
Mgh ;  and  as  water  from  a  cistern  100  feet  high  would  press  with  a  force  of  46  lbs.  on 
every  square  inch  of  a  piston  exposed  to  its  action,  this  power  might  be  readQy  made 
available  for  raising  weights,  giving  pressure,  or  even  driving,  machinery  by  the  inter- 
vention jofppopfiriy  c<Histrujeted  water-pressure  engines. 


BttTLES  AND '  TABLES. 
T^S^aottcal 'mechante  has  frequent  occasion  to  calculate  the  lengths  of  lines,  areas  of 
figures,  capacities  of :  solids,  and  weights  of  masses  of  material.  We  think,  therefore, 
tiiat  we  canaot^bettiBr.  concludfe  the  general  view  we  have  endeavoured  to  give  of 
mechanics- practically  appEed,^  th«»  by  ftimishing  a  few  of  those  simple  rules  and 
methods  of  calculation,  which  akoslr  commonly  occur  m  practice. 

We  nuxst  presume  that. the  meohanio  is  tolerably  intimate  with  the  ordinary  oper- 
ations of  4Brithmetio— Addition,  Subtraction,  Multiplication,  and  Division ;  and  that  he 
will  bear.  iaoBiind  the  following  symbol,  as  a  kind  of  arithmetical  short^hand,  often 
useful'  in  expisessing  rules  and  m«de8;of  operation. 

4- placed. before  a  quantity,,  means-^that  it  ift- 1»  baoa^Gtedt^^^  quantity  pre- 

cedingit., 

plaoed  before- -a-quantity,  means- that  it-iff  td  be'VabstMeM'^ftom  the  quantity 

preceding  it* 

X  p^MS^  1>dtwe6kL^two  qufuititids,  means  thatvtha  iiist'^is''tir^ttiultiplied  by  the 
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-7^  placed  between  two  quantities,  means  that  the  first  is  to  be  diTided  by  the  last. 

When  instead  of  the  two  dots  in  this  symbol  of  division,  one  qoanttty  is  written 

ttbove  the  Hne  and  the  other  below  it,  the  upper  is  to  be  divided  by  the  loWBr.    Thus 

12 
12  -f-  4  may  be  written  .,  which  means  that  12  is  to  be  divided  by  4; 

^  placed  between  two  quantities^  mean^  that-tiie  one  is  equal  to  the  otheh- 
Example  1. — Power  z=z  weiffM  X  «tf^o«Vy,- means  that  the  power  of  any  machine  is* 

equal  to  the  weight  raised  by  it,  multiplied  by  the  velocity  with  which  it  is  raised. 

Thus,  if  an  engine  raise  330  lbs.  afr  the  rate  of  velocity  of  100  feet  per  minute,  we 

should  say  its  power  is  equivalent  to  330  lbs.  X  100  feet  =  33,000  lbs.  at  ftie  rate  of 

1  foot  per  minute. 

^    „                    ,  tm&ht  (in  lbs.)  X  veldciiu  {m'feet  per  minutb)  ^,   ^  ,, 

2.  Horseipowerz^: — ^ — ^ —     ^  ^ — gg^^^V    -^ — — ^  mewUFthftt  the 

power  of  &  machine  redttded  to  the  standard  of  horse-power,  is  eqiliV^eiit  to^the  weight 
in  lbs.  multiptied  by  the  velocitv  in  feet  per  minute,  and  divided  by  33000.    Thus,  if 

afia  engine  xalise  330  lbs.  100  feet  high  per  minute,  its  hanie-poirer  ii     ^on^^    s:  1,^ 

that  is  to  say,-one-horse  power. 

The  tabbs  of  weights  and  measures  most  necessary  in  computations  coniiiei^M'^th' 
Practical  Mechanics,  are  those  of  Avoirdupois  "Weight,  Lineal,  Superficial,  and  Solid 
Iteasure,  Time,  Temperature,  and  the  Division  of  the  Circle.  tJnfortuhately  for  ease 
of  recollection  and  computation,  the  English  tables  of  measurerhave  no  regular  system, 
and  therefore  require  to  be  remembered  separately,  or  to  be  constantly  referred  to. 
The  French  have  adopted  a  regular  and  simple  systeifr,-both  in  the  names  and  in  the 
relations  of  their  different  denominations,  its  their  measures  are  frequentiy  referred  to 
in  scientific  works,  we  subjoin  tables  of  them  along  with  the  English  tables ;  and  short 
rules  for  the  reduction  of  quantities  given < in  the  one,  to  their  corresponding  values  in' 
tiie  other. 

Used  fdr  the  i^^ctotid  metals  and  for  chemical  analysis. 

Contracted. 
24  Grains  =  1  Pennyweight . .     ,    24  gr.     =1  dwt. 

20  Pemiyweightfft=  1  Ounce     .    .    •    .    20dwt.  =  loz. 

l«-Ounce«r  =  1  Pound 12  oz.    =  1  lb; 

Impound  troy  therefore  contains  5760  grains, 
impound  avoirdupois  contains  7000  troy  grainC 

AvoEBDUFOis  "Weight. 
^sed  fei*  -^i^hing  all  materials  except  those  to  which  troy -wfei^t  is  confined. 

Contracted. 
16  Drams  =  1  Ounce      •    •    •  -  ih  dr.     =  1  oz. 

16  Ounces  =  1  Pound      •    •    «    16  oz.    ^1  lb. 

28  Pounds  =  1  Quarter    .    .    •    28  lbs.   =  1  qr. 

4  Quarters  =:  1  Hundredweight       4  qrs.  =:r  1  cwt. 

20  Hundredweights  =  1  Ton     •    .    •    .    20  cwt.  =  1  ton. 

French  Decimal  System  op  "Weight. 
10  Milligrammes   z=.  1  Centigramme 
10  Centigrammes  =  1  Decigramme.    • 
10  Decigrammes    =  1  Gramme  =  15*434  troy  grains.- 
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10  Gninmet  =:  1  Decagiramme. 

10  Deoogrammet  =:  1  Hectogramme. 

10  Hectogrammes  =:  1  Kilogramme     =  2*20486  Urn,  avoiidiipoi*. 
10  Kilogrammep    ==  1  Myriagramxpe. 

10  Myriagrammea  =  1  Quintal  :=  1  cwt.  3  qra.  25  ll».  nearly. 

100  Quintals  sc  1  MilUer  or  Bar  s=  9  tons  16  cwt.  8  qrs.  12  lbs. 

The  general  principle  adopted  i|^  the  French  systein,  is  that  of  the  deqmal  tak 
They  settle  on  some  u^it  of  weight  or  measure — as  the  gramme  for  weight,  and  ilie 
m^tre  for  measure.  For  Ih^  names  of  all  fraot^)ns  of  t|iat  unit,  proceeding  by  tentiu, 
hundredths,  and  thousandths  downwards,  they  prefix  the  laAm  numerals  deoi  for  ieo&t 
centi  for  hundredth,  mill!  for  thouaandt)i,  to  the  name  of  the  iu4t.  Thus,  a  centignmme 
is  the  hundredth  part  of  a  gramme,  and  would  be  written  in  figures  0*01  gramme;  a 
millimetre  is  a  thcmsandth  part  of  ft  m^tre,  and  would  be  written  0*001  metro.  A^ 
for  the  named  of  all  multiples  of  the  iinit,  proceeding  by  tens,  hi^dreds,  thoussnds,  and 
ten  thousands  upwards,  they  use  the  Greek  numerals-ndeca,  ten ;  hecto,  hundred;  kilo, 
thousand ;  myria,  ten  thousand,  prefixed  to  the  unit  Thus,  for  a  thousand  metres  ^ 
say  a  kilpm^tre,  written  1000  metres ;  for  ten  thousand  gnqiimes  Ihey  i^ay;  myns- 
gramme,  written  ^0,000  gramn^es.  Th^re  are  a  few  e^^ceptions  for  the  larger  denomina- 
tions in  the  sc^le  of  weights  which  we  h^^e  giyen  in  ftdL  J^ooat^mg  to  this  syiteQi, 
each  denomination  fiqds  its  place  in  the  ordinary  decimal  scale  of  notation,  and  aritii- 
metical  operationB  are  ve4uced  to  the  simple  ruleo,  without  the  necessity  of  oompIicaie4 
reductions. 

For  example,  if  we  wished  to  ascertfun  the  post  of  7  myiiagranimes,  3  IdlognnmeE^ 
4  hectogrionmes,  6  decagrammes,  5  gramme  3  pentigrapunes,  of  a  material  at  2  fasM 
20  cents  per  kilogramme, 

we  should  write  the  quantity    .    .    .    73465*03  grammes 

which  is  equiyalent  to 73*46503  kilogrammes,  pointing  off  3  fignns> 

If  ultiply  by  the  price  per  kilogr.  .    .  2*2 

155-623066  francs. 

Or,  155  francs,  62  cents. 

In  the  English  system,  on  the  otilier  hand,  a  similar  question — as  tor  instance,  tha 
cost  of  17  tons  4  cwt.  3qr8.  and  18  lbs.,  at  12«.  9tf,  per  cwt. — ^wouldinvolyethenecesnty 
of  reducing  tlie  seyeral  denominations,  or  of  artifices  for  employing  fractional  paiia  aain 
the  ordinary  arithmetical  rule  of  Practice. 

To  reduce  kilogrammes  to  lbs.  avoirdupois. 

iStffe.— Multiply  by  2*20486. 

£cample  1. — ^To  reduce  17  kilogrammes  to  lbs. 
Multiply  by   2*20486 

37*48262  lbs. 
For  general  practical  computations,  tl^e  decimal  fraction,  after  its  first  figure^  miybQ 
neglected,  and  the  multiplier  may  be  taken  as  2*2  simply. 
SsMmple  2. — To  reduce  23  kilogramines  to  lbs. 

23X2*2  =  50*6  lbs. 

For  doser  approximation,  after  multiplying  the  number  of  kilogrammes  by  2*2,  ad4 
to  th9  result  the  200th  part  of  the  number,  or  the  half  with  two  decimal  places  pointed  o£ 
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TbiiB,  23X2*2=:  60*6 

•ddTi0thof28  -116 

60-7161U. 
The  toeaiate  number    60'7ll76 
*to  xednoe  Ibe.  ftTcnrdupou  to  Idiog^rammee. 
kule. — DiYide  by  2'20486,  or  ninitiplj  by  iti  ieoiproo«l  *46356. 
MxmnpU  1.— To  reduce  Sl7*48262  iiw.  to  kilognunmei. 
Divaiiig  by  220686)— *~^    ^ 

17  kilogniiiuiief. 

The  reduction  uny  t>e  e&cted  with  luAoitoi  adoiinusjr  by  the  ^lloiHilg  artifice  :-«- 
Add  together  Qne-ikird  of  the  given  number  of  ills. «  dd^third  of  that  third,  and  Qno^ 
twelfth  of  the  last  third.* 

BiumpU  2.— To  teduee  37-4826^  Iba.  to  kilog|hunme4. 

one-third  12*494^1 

"^ane-thirdGfone-third   416477 

one-twelfUi  of  the  laat     '34706 

17-00604 
Mxdmple  S.^To  reduce  6  owti.  2  qri.  12  Iba.  to  Frauth  i^eigjli. 

4 


I 


22q|ni 

28 

1)628  Iba. 


3)209-33 

12)  69-77 

6*81 

fl84'9i  kilognunmei. 

LmBAL  Mbabui 

i2Inchea 
3^eet 

S    IFoot 
=    lYard 

6}  Tarda 

=    iPoleorEod 

40Palea 
ftFurionga 

=    1  Furlong 
=    iMile 

6  feet       £=    1  Fathom 

7'92lnehea    =    1  Link 
lOOtinka      =    1  Chain 
aoChaina    ==    IMile 
fke  measurea  employed  fot  the  smaller  dimeniidns  of  mechanical  work,  are  the 
foot,  ito  twelfth  part  the  inch,  and  the  fractional  divisions  of  the  inch,  dividing  success 
lively  by  1 ;  viz»--die  haL^  the  quarter,  the  liighthj  tite  iuxteenth,  the  thirty-second,  && 

•  The  reason  of  this  fule  is  the  foUo^Hng:^ 

One-third  of  Ij  expressed  decimally,  ii *8338  6;o. 

One-thirdof '333,  &c.  expressed  decimally,  is     .    .  "1111  „ 

One-twelfth  of  -111,  ka.  elpressed  decimally,  is  .    .  -0092  „ 

Theirsum    4 -4636 

is  a  near  apj^ximation  to  «    .    «    *    <  -4536A 
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For  larger  works,  as  cuttmgs,  embankments,  shafts  of  mines,  and  the  like,  the  yard  of 
3  feet,  or  the  fetthom  of  6  feet,  are  the  ordinary  units.  For  suryeying  purpose^  the 
chain  of  11  fatbomB,  or  22  yards,  or  66  feet,  or  IQO  links,  Ib  the  unit.  And  for  greator 
dimensions,  the  n^le,  or  1760  yards,  or  ^2$0  feet,  and  its  fractional  divisions  by  2,  the 
half-mile,  the  qu^^r  mile,  the  eighth  pf  a  mile  ot  furlong,  are  employed. 

The  unit  of  French  measure  is  the  m^tre,  which  is  equal  in  lengths  39*871  Knglisli 
.inches,  or  abo]it  3*281  English  feet,  or  3  feet  3|  inches  .yery  nearly. 

To  reduce  J'rench  measure  to  IBnglish. 

Jiule. — Multiply  the  number  of  French  metres  by  3,  and  take  ibfi  itroduct  as  so 
.many  English  feet,  so  many  .Inches,  and  so  many  eighths  of  inches ;  or,  <i4d  togethqir 
.the  product,  its  twelfth  p^,  .and  the  eighth  part  of  the  twelfth,  for  theyalu^  in  £^glia)i 
feet. 

Ex€mpU  1. — Jo  .reduce  53  metres  to  English  measure. 

.63  X  3  = 169 

M9  inches  == 13    3 

169  eighths  of  iiiches  =      ...       il    '.7f 

173  .lOj  nearly. 
Example  2.— To  reduce  42  kilometres  to  English  miles.    The  kiloni^^tre  is  1009 
lo^tres,  and  42  kUqnidtr^  ai»  titer^fore  equivalent  to  42000  ladtre^. 

Multiply  by  3 

126000 
•One-twelftti  .  .  JO^O 
One-eighth      .    ..      1312-6 


'■t^i— -t':- 


Xhie  mile  contaiiis  .6^80}  1378 12*6  feet 

2§ '  1  miles  nearly. 
^  kUqin^  is  exsctly  ^093*6889  yards. 
I  Qule  is  exactly         |-700  yards. 

1003*6380 
Therefore,  to  xeduoe  IdlomMres  to  miles,  multiply  by     ^^  J^,  or  •621866, 

For  rough  calculations,  take  fths  decimaUy,  *626. 

To  reduce  miles  to  kilometres,  multiply  by  xo93'6389*  ^  ^'^^^^^  nearly. 

For  rough  calculations,  take  Ifth  decimally,  1*6. 

The  French  pied,  or  foot,  is  equal  to  1*09  flnglish  foot 

Tlie  frendi  pouoe,  or  in^Dh,  is  equal  to  1^09  English  indk 

SuFEBTICIAL  IS  EAS1TBE. 

144   square  inches  =:  1  square  foot. 
9    square  feet      =  1  square  yard. 
80  J  square  yards   =  1  square  pole. 
40  square  poles      =  1  rood. 
4  roods  =  I'acre. 

The  acre,  tlierefore,  contains  4840  square  yards,  or  10  square  chains,  each  of  484 
square  yards. 

The  French  superficial  measure  is,  for  small-  areas,  reckoned  by  the  squares  of  the 
metre  and  its  parts,  the  metre  caxr^,  or  square  metre,  being  13*766  square  feet,  or 
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M96  square  yard.     For  lacgerfureaq,  the'^Frendi  unit  is  the  l^Sire,  which  is  a  eqiiive 
decametre,  or  100  square  metres,  equLyalent  to  119*605  aquare  yarda. 

Solid  Mbabubb* 
1728  «ubic  inches  :=  1  cubic  foot. 
27  cubic  feet      =  1  cubic  yard. 
42  cubic  feet  =  1  ton  of  shipping. 
40        ,)         =  1  load  of  rough  timber. 
60        „    ^   =  1  load  of  squared  timber. 
The  Prenyl  solid  measure  is  reckoned  by  the  eube  of  the  m^tre  Audits  parts. 
1  cubic  foot    =  '0283  cubic  m^tre. 
1  cubic  yard  =  '76415         ,t 
-1  Qubic  m^tre^=  35*32  cubic ^feet. 

Liquid  Mb^subs. 
There  are -several  yarieties  c^  English  liquid  measure,  and  provincial  variations  in 
their  sdbles;  but  the  principal  unit  of  liquid  measure  is  liie  imperial  gallon,  which 
,oontains  277*274  cubic  inches,  and  of  which  a  cubic  foot  contains  6*2321,  or  nearly.  6^. 
The  unit  of  French  liquid  measure  is  the  litre,  or  cubic  decimetre,  the  thousandth  part 
of  a  cubic  m^tre,  equivalent  to  61*028  cubic  inches. 

TiMis  Meabubb. 
60  seconds  =:  1  minute.  I  2^  hours  ^  1  day. 

60  minutes  ==  1  hour.  |  7  days    ac  ^  week. 

The  French  measurement  of  time  is  the  same. 

Tempekatubb. 
There  are  three  scales  of  temperature  in  use  : — 

1.  Fahrenheit's,  used  in  England,  in  which.tbe  point  of  water  freezing  is  32%  and 
vthe  pcRBt  of  water  boiling  is  21^*". 

2.  The  Centigrade,  used  in  France,  in  which  tbe  freezing-point  of  water  is  the 
I  >zero,  or  0°,  and  its  boiling-point  is  lOO*'. 

3.  Beaumur's,  used  among 4ome  Continental  nations,  in  which  the  freezing-point  of 
water  is  zero,  or  0^,  and  its  boUingrpoint  80**. 

To  reduce  temperature  by  Fahrenheit  to  temperature  by  Centigrade. 
Subtract  32%  multiply  by  5,  and  divide  by  9. 
Example  1.— To  iseduoe  180''  Fahrenheit  to  Centigrade. 
i80 
Subtract    .    .     32 

^^^^  =  82^-222  Centigrade. 

Example  2. — ^To  reduce  15°  Fahrenheit  to  Centigrade. 
15 
Subtract    •    •     32 

—  17  X  O  _  _  go.44^  ^^^  ^  90.4^^  ^    y^y^^  ^^^ 


9 

To  reduce  temperature  by  Centigrade  to  temperature  by  Fahrenheit. 
JCulti^lj  by  9,  divide  by  6,  and  add  32% 
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To  reduce    82°*2  Cezitigr.  to  FaB. 
Multiply  by  9 

IHyideby   5)740 


Add 


148 
82 


SxampU  4. 
To  reduce  —  r-4  Oentiy.  to  Falu 
9 


Add 


6)--85 

—  17 
•    •    32 


la'PiBiu 


iVo<0.— When  the  tempemtore  luw  the  rnarl^— ^  minus  prefixed^  it  means  below 
Bero^  and  is  t»be  subtracted  in  ease*  where  it  would  be  added  if  it  had  not  the  mark  — -• 
SiMmpk  6.— To  leduee  —  100**  Centigrade- to  Fahrenheit. 
9 


Q— 900! 

—  180! 
82 


—  148**  Fahrenheit,  or  148°  below  zero. 
To  reduce  temperature  by  Fahrenheit  to  temperature  by  Beaumur» 
Subtract  32,  multiply  by  4,  and  divide  by  9. 

ExampU  6.  Example  7* 

To  reduce  62°  Fah.  to  Beaum.  To  reduce  15°  Fah.  to  Eeaunu 

32  32 

^^ 

4 


4 

9)120 

13°*3  Beaum. 

To  reduce  temperature  by  Beaumur  to  temperature  by  Fahrenheit. 
Multiply  by  9,,  divide  by  4,  and  add  82. 

E»M¥tple  %..  JSMampU9. 


9)~06 

—  r*5  Bfeam,  ar  T'5  below  zeroi 


To  reduce  13°  3'  Bttawa.  to  Fah. 
9 


4)12ft 
80 


Toaeduee- 


•  r  5'  Beaum.  to  Fah» 
9 


4)  — 68 


62°  Fah. 

To  reduce  Centigrade  to  Beavmur.    Subtract  ith. 
ExampU  lO.^To  reduce  85°  Centigrrade.  to  Beaumur. 
Qne-ftfth        ...    17 

68°  Beaum. 
To  reduce  Beaumur  to  Centigrade.    Add  ^th. 
ExampU  11. — To  reduce  68°  Beaumur  to  Centigrada*. 
One-fourth  ...    17 

85°Centagr.. 


-17 
32 

15°  Fah. 
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BPOSIOir  OF  THB  CnCLB. 

0OSeo(mds  =  1  Minute  60r=l 

eoMiniitet  =  1  Degtee  6^  ==  r 

90  Degrees  =  1  Quadrant  or  right  angto 

360  Degree*  or  4  Qoadrants  =  1  Gircumferenev. 

Ths  F&ench  DiyisioN  is 

100  Seoonds     :=  1  Minute* 
100  Minutes     =:  1  Degree. 
100  Degrees     =:  1  Quadrant 
4  Quadrants  r=  1  Circumferenoe. 
The  quadnmt,  right  anglOf  or  quarter  of  the  circumference,  is  the  same  for  the  ¥tmu!k 
and  English  systems,  and  100*  French  ate  therefore  equiyalent  to  90^  ISngliA. 
To  reduce  French  degrees  to  English.    Suhtract  lArth. 
£xampU  1. — ^To  express  73°  French  In  English  measure* 
Subtract  one-tenth  .  7*3 

$6-7  W  4a:  English. 

00 

420 
Xxampk  2.-<-To  express  26°  T  35"  French  in  English 
The  Freneh  number  would  be  written    26*'0735 
Sttbtraelime-teBth   r    .    .    .    .      2*60735 


23  -46615 
60 


27*969 
60 
An,  23*  27'  58'^'I4  EngliA. 


5314 
To  reduce  EngUsh  degrees  to  French*    Add  ith* 

ZtampU  3.— To  express  Oft"*  42'  EngUahin  Freneh  meastttev  42^  s  g^  or  0**Tf  thersir 

lore  the  English,  expressed  decimally,  is  65^**7 
Add  one-ninth     .    »    .    •    .      7  *3 


73*-  Frraieh. 
Mxampie  4./-To  ei^ress  2»*  27'  58"a4  English  in  Fiench^    Th»fMDlit7,.decimally 
expressed,  is  2d*'46ftl5  EngUsh. 

Add  one-ninth    •      2  *4i0735 


26*0735   Freneh. 
The  circumferenoe  of  erery  circle  is  3*1416  times  its  diameter,  or  6*2832  times  itsr 
adius  or  half  diameter. 
Hence,  to  find  the  circumference  of  a  circle  whose  diameter  or  whose  radius  is  giY6%. 
Bule. — Multiply  the  diameter  by  ^'1416,  or  the  radius  by  6*2832. 
JEafamph  1. — ^To  find  the  circumference  of  a  pulley  whose  diameter  is  4  feet  6  ins*- 
4  fwt  6  ins.,  ox  54  ins.  X  31416  =  169-6464  ins.,  or  14  feet  If  in.  nearly. 
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'Example  2. — To  find  >the  circumference  of  the  j^tch  circle  of  a  wheel,  the  pitcU 
^sadius  being  11  inches. 

11  ina.  X  6  2832  =  69-1152  Ins.,  or  nearly  69^  ins. 
Since  the  decimal  *H16  is  nearly  equal  to  ^th  (which  is  accurately  '142587)^  we 
^lave  the  approximate  rule  for  Huding  the  circumference  of  a  cirde. 

Jttde. — Multiply  the  diameter  by  3f,  or  (since  3f  =  ^)  multiply  the  diameter  by 
;22  and  divide  by  7,  or  multiply  the  radius  by  44  and  divide  by  7. 

J^tnp^  3. — To  find  the  qircumference  of  a  pulley  4  feet  6  inches  diameter. 
4  feet  6  in9.  X  8  so  13  feet  6    ins. 

•4  feet  6  ins.  X  f  (or  ^r  7)  =  7f  ins.  nearly. 

>i'r         III.' 

Circumference  14  feet  If  ins.  nearly. 

^xatxipU  4.~To  find  .the  (Hrcumferenoe  of  a  wheel  whose  radiiu  is  U  inches. 

— - —  =  69i  ins.  nearly. 

The  ciiseumference  of  an  ellipse  .jsvthat  of  a  circle  whose  diameter  is  a  mean  between 
»the  two  axes  of  the  ellipse. 

Example  5. — iTo  find  the  ciscvmfetenoe  of  an  ellipse  having  a  longer  axis  18  ins.,  and 

a  shorter  axis  12  inff.  Mean^— tJ^=16w.  X  3U16=x  47*124  ins.  or  8  feet  lliins. 
z 

The  convjsrse  opostion  of  fin^iijg  the  diameter  of  a  circle  having  a  given  circiun- 
ierence  is, 

iittfe.— Divide  the  circumference  by  3*^416,  or  multiply  it  by  'SlfiSl,  the  reciprocal 
.of  3-1416. 

^Example  6. — ^To  find  the  diameter  of  a  pulley  whose  circumference  is  14  feet  If  in. 
or  169-625  in^ 

-  -V^^  =  «4ins.  or  4  feet  6  ins.  very  nearly. 

or    169-625  X  '31831  =  64  ins.  neady. 

The  following  approximation  is  genehdly  sufficiently  seen  for  practical  purposes. 

j^ttle. — Multiply  the  circumference  by  7  and  divide  by  2^  the  quotient  is  the  diameter. 

Example  7.— To  find  the  diameter  of  a  wheel  having  23  teeth,  each  of  3  ins.  pitch. 

69  X  7 
■^3  X  3  ins.  =  69  iw.  the  ci^cumfere^oe  of  the  pitchjcarel^  an4  -  oo  '  =  22.in8.  wearly 

The  pitch  radius  is  jt  of  ^jl  ins.  .=  IX  Ins. 

The  object  of  Mensuration  <^  Superficies  is  to  discover  the  number  of  square  unita 
in  a  figure,  the  form  and  dimensions  of  whose  boimdary  are  known.  The  simplest  kind 
of  figure  is  that  bounded  by  three  ati:aiglit  line%  the  triaJi^gle. 

To  find  the  area  of  a  triai^e. 

iiMfo.— Multiply  the  length  of  any  o^e  o^  the  sides  by  that  o|  the  perpendicular  le^ 

ifall  upon  it  from  the  opposite  angle  (or,  briefly,  i»ultiply  the  base  by  the  height),  and 

halve  the  result. 

Example  1.— To  findthe  a  .-eaof  a  trianglehaTingbase  2  feetSins,,  and  height  1  foot  (>  ins, 

27  X  20 
2  feet  3  ins.  =  27  ins.  and  1  foot  8  ins.  =  20  ins.  Area,   — ^ =  270  sq.  ins. 

Example  2. — To  find  the  area  of  a  triangQl^  jfiel(^  liayin^  baae  ;^3  c^b^ms  .8  linki^ 
^^^  h(¥^ht  14  chains  73  linkii. 
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23-08  ch.  X  14-73  ch.  __  339.9^84  gq.. chains;  or  33-99684  a<»eci,  very  nearly  34  acres. 

The  parallelograxn  is  a  figure  boxmded  hy.four  straight  lines,  the  opposite  sides  being 
.equal  :and, parallel  to  one  another.  W^n4h6  angles  of  the  parallelogram  are  right 
angles,  or,  as  it  is  said  in  ordinary  langu^gc^  vhen  the  sides  are  square  to  one  another, 
the  figure  is  called  a  rectangle  or  oblong. 

To  find  the  area  of  a  parallelogram. 

J2«fo.— Multiply  the  base  by  the  peipendionlaiT  height— When  the  figure  is  an 
.oblong,  we  say,  multiply  the  length  by  the -breadth. 

JSximj^e  3.— To#nd  the  area  of  a  parallelogram,  base  2  feet  3  ins.,  height  1  foot  8  ins. 
27  ins.  X  20  ins.  =  540  sq.  ins. 

^Example  4,.— To  find  the  surface  of  a. cylinder,  diameter  4  feet,  length  14  feet. 

The  surface  of  a  cylinder,  if  devQloped  or  1^lrolled,  would  form  a  rectangle  whose 
length  is  the  length  of  the  cylinder,  and  breadth  the  circumference.    Its  area  is  there- 
,fore  found  by  multiplying  the  length  by  the  diameter,  and  by  3|. 
14  &Qt  X  ^  feet  X  3f=:  176  sq.  feet 

The  trapejsoid  is  a  ^gure  bounded  by  four  straight  lines,  two  of  which  are  parallel. 
To  find  the  area  of  a  trapezoid. 

i2»^.— Multiply  half  the  sum  of  the  two  parallel  sides  by  their  perpendicular 
^distance  apart. 

Example  5. — Kequired  the  area  of  a  trapezoid  haying  parallel  sides,  respectiyely  6  feeit 

imd  7  feet,  3  feet  apart  ?-=tI  X3  =  18sq.ft. 

Any  figure  bounded  by  straight  lines  may  be  diyided  into  triangles ;  and  the  sum  oi 
■the  areas  of  all  the  triangles  into  which  it  is  divided,  is  the  area  of  the  whole  figure. 

Of  surfaces  bounded  by  curved  lines,  the  most  regular  and  fireqoent  is  the  oirde. 

To  find  the  area  of  a  circle. 

SuU,, — ^Multiply  the  square  of  the  diameter  by  *7854.  Or,  nmltiply  the  cirooi^!* 
ierence  by  the  radius,  and  halve  the  product. 

^artfmpfee.— Required  the  area  of  a  circle  4  ft.  diam.  4  X4X  •7854=  12-6664  sq.    , 

Otherwise,  the  radius  is  2  feet,  and  the  circumference  is  4  X  3*1416  =  12'566iy 

-  ^,             .   12-5664  circumf.  X  2  rad.       ,«  ^««.        ^ 
jKDd  the  awft  is ^ — ^ =  12-5664  sq.  ft. 

The  following  method  fiinushes  a  near  approximation  to  the  tie^.., 
Sukt. — ^Multiply  the  diameter  by  itself. 

Take  half  the  product,  to  which  add  its  half,  and  the  seventh  p(ti$  0/  t|Mi^  half.^ 
Example  7. — ^Bequired  the  area  of  a  cirdd  4  feet  diametGir, 
4X4  =  16a^d  iofl6  =  8 
kof  8  =  4 
I  of  ^  gc  0-57 

Area         12*57  sq.  ft.  neaily. 

— — i — -■ 

*  This  approximate  rule  is thj9S  derived:— 

l^noe  i  dedmally  ia  -5000 

J  of -5000  =  -2500 

I  of -2500  =  -0357 

Their  sum  =    -7857 

irhich  is  nea;rly  e^ual  to  *7854,  the  proper  multiplier  of  the  square  of  fbe  ^iaffxedbsr* 
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Example  8. — fiequired  the  area  of  a  circle  37f  iiu.  diameter. 
37f  or  37-625  X  37*625  =  1415-64  sq.  in 
J  of  1415-64  =  707-82  nearly. 
I  of   707-82  =  353-91 
♦  of   853-»l  =    50-56 


Area 

The  eonect  area  Is 


1112-29  nearly, 
1111-84 


£rror  in  the  approximate  method         0-45  sq.  iMt 

The  conyerse  operation  of  finding  the  diameter  of  a  circle  i^en.  its  afta  is  given,  is 
(he  following : — 

J2«fc.— DiTide  the  area  hy  *7854,  or  multiply  the  nxesL  by  1*273  (tbe  ftdtfeocid  of 
'7854),  and  extzact  the  square  root  of  the  result. 

Example  9. — Bequired  the  diameter  of  a  circle  having  12*5664  sq.  ft  vtfA* 

^~|^  or  12-5664  X  1273  =s  16  ^  and  the  square  r«iot  of  le  is  4  feet 

Approximate  method. 

EuU.—To  the  given  area,  add  its  fotiHh  pftrt^  and  ^^th  Of  that  fourth,  or  fhe  fourfii 
Inth  one  decimal  place  pointed  o^T,  and  extract  the  square  root.* 

JExampU  10^ — Bequired  the  diameter  of  a  circle  whose  area  is  1111*84  sq.  ins. 

Area  =  1111*84 
Add  J  of  1111*84=    27>96 
l\yof  277-96=      27-796f 


,-*«*"• 


Fig/ 273. 


1417-59^ 

the  squarfe  r6ot  of  which  is  37*65,  of 
ftf  inched  nearly. 

T&e  Area  of  an  ellipse  is  *7854  limes 
the  product  of  its  two  axes. 

Example  11. — Bequired  the  area  of 

an  ellipse  whose  axes  are  2  feet  3  inches 

and  1  foot  8  inches  respeotiyely. 

27  ins.  X  20ins.  X  -7854=4241168q.  in. 

424116       ^  - . --       ^ 
or,  =  2-94lr2  sq.  ft- 

The  area  of  a  sector  of  a  circle  CAB 
is  the  same  part  of  the  area  cf^the  whole 
ekele,  as  ^e  arc  of  the  sector  AB  is  of 
the  whole  circimifeience. 

Example  12. — Required  the  area  of  a 
aeetor^  radiw  12ins^/  aftd  arc  &7°  30'. 


*  This  rule  like  the  former  k  thus  dferived,-' 
I  =  l-OOO 

^   ot      1  =  0-250 
f^  of  0*25  =  0-025 


1-275,  which  is  aearly  l'279f. 
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The  area  of  the  whole  circle  is  12  X  12  X  8*1416  =  452^39  sq.  ins. 


erso'ii 


67t  67JX2_135  13i5 -i- 45 


360' 


=  ^^»     OP 


360X2"" 720'    ""^  720  ^45 


=  Atha 


of  the  whole  ciicumference ;  therefore 

Area  of  sector  is  ^ths  of  452*39  sq.  ins.  =  84*825  sq,  ins. 

In  measuring  the  area  of  figures  bounded  by  lines  of  irregular  currature,  as  A  L  B  S, 
the  most  convenient  method  is  to  draw  through  the  ftgore  a  straight  line  A  B,  the  longest 
possible,  and 
to  diyide  it 
into  numerous 
equal  parts  at 
the  points  1, 
2,3,4,5.  If 
we  bisect  each 
of  those  parts 
at  C,  D,  E,  P, 
G,H,  and  draw 
perpendiculars  ^'  *^*» 

to  the  line  AB,  meeting  the  curve  in  I,  P,  K,  Q,  &c.,  by  drawing  parallels  through 
these  points  meeting  perpendiculars  through,  the  points  A,  C,  D,  &c.,  we  form  a 
number  of  rectangles,  each  of  which  is  very  nearly  equal  in  area  to  the  part  of  the 
curve  contained  between  its  two  perpendicular  sides.  The  area  of  the  whole  curved 
figure  is,  therefore,  very  nearly  equal  to  the  sura  of  the  areas  of  all  those  rectangles. 
Now,  as  the  area  of  each  rectangle  is  equal  to  its  base  multiplied  by  its  perpendicular 
height,  and  as  the  bases  of  all  are  equal,  the  area'of  aU  the  rectangles  is  equal  to  the 
length  of  one  of  the  bases,  such  as  C  D  multiplied  by  the  sum  of  all  the  heights  I P, 
K  Q,  L  B,  &c.  It  is  to  be  observed  that  the  distances  A  C  and  B  H  of  the  first  and 
last  perpendiculars  from  the  extremitiee  of  the  line,  are  each  half  the  distance  C  D  or 
D  £  between  any  two  perpendiculars.  Or,  we  may  view  the  question  in  another  way, 
thus : — ^Having  divided  the  line  A  B  as  beforo,  and  set  off  the  perpendiculars  I P,  E  Q,  &c. 
(technically  called  ofisets),  we  may  find  a  mean  or  average  VX  or  W  Y,  by  adding 
together  the  lengths  of  all  the  perpendiculars,  and  dividing  their  sum  by  their  number, 
and  then  the  n^ole  rectangle  Y  W  Y  X  has  very  nearly  the  same  area  with  the  curved 
9gare.     Hence  the  following — 

JRule  I. — Multiply  the  8u^l  of  all  the  ofbets  by  the  ^utance  between  two  adjoining 
Pi£&ets;  or, 

£uie  II. — Add  together  the  lengths  of  all  the  offiiets,  divide  by  their  number,  and 
multiply  by  the  whole  length  of  the  base  line. 

JSzampl^  U.-'The  length  of  AB  is  24,  and  the  ofGsets  are  IP  =  3,  KQ  =  5, 
JiE  =  7,  MS  =  8,  NT  =  6,  OU  =  4  :  required  the  area. 

By  £ule  I. — ^There  are  six  offsets ;  therefore  the  distance  between  any  two  adjoining 

24 
is  —  ==  4  (note,  A  C  and  B  H  are  each  2),  and  the  area  is 

(3  +  5  +  7  +  8  +  6  +  4)  X  4  =  132. 

By  Itule  II.-The  mean  of  all  theo&ets  is  ^  +  ^+^  +  ^  +  ?^^  =  55,  and 
the  area  is  5-5  X  24  =  132. 
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The  feurfaue  of  a  cone  may  be  developed,  or  unrolled,  into  the  form  of  a  sector  of  a 
circle,  and  its  area  found  by  the  rule.     Or  thus; 

i^M^.— Multiply  the  diameter  of  the  base  by  the  length  of  tiie  side  {from  the  apex 
tb  the  edge  of  the  base),  end  by  1*5708. 

ExampU  14.— Required  the  surface  of  a  eatae,  having  a  base  12  inches  in  diameter, 
end  18  inches  length  of  side. 

12  X  18  X  l-670»±f  83S-2928. 

The  surfiice  of  a  sphere  is  4  times  that  of  any  of  its  circular  sections  passing  through 
the  centre.    Hence,  to  compute  th6  surface  of  a  sphere — 

i^tt^.— Multiply  the  square  of  the  diameter  by  31416. 

ExampU  16. — Required  the  mirfieuse  of  a  sphere  18  inches  diameter. 
18*  X-l»  >f  31416=  1017-8784  iquara  inches. 

MtENStBAHON  O^  SoLIDS. 

By  mensuratioii  of  soHds  -^e  discover  the  number  of  cubic  units  in  a  body  of  gireii 
fbrm  and  dimensions.  A  parallelopiped,  or  prism,  has  two  opposite  sides  equal  and 
parallel  to  one  another.  Either  of  tiiese  is  called  a  base,  and  their  perpendicular  dia- 
tlmce  apart  is  called  the  height  or  altitude  of  the  prism.    A  cylinder  has  a  circulai  base. 

For  finding  the  solid  contents  of  a  prism  or  cylinder. 

E¥ie, — ^Multiply  the  area  of  the  base  by  the  height. 

ExampU  1. — ^B^uired  the  capacity  of  a  cistern,  whose  base  is  a  rectangle  4  ftetkng 
Dy  3  feet  wide,  and  whose  height  is  2  feet  6  inches. 
Area  of  base  4  X  3  X  2|  height  =  30  cub.  feet,  or  30  X  6*2321  =  187  gals,  nearly. 

Exan^  2. — Required  the  solid  contents  of  a  roller  22  ins.  diameter  and  42  ijia.l0Dg> 
Area  of  base  22  X  22  X  '7864  X  42=  15965-6  cubic  inches. 

When  the  prism  or  the  cylinder  is  hollow, 

EuU, — Subtract  the  area  of  the  internal  part  of  the  base  from  that  of  Uie  whole  base, 
aoid  multiply  by  the  height 

Example  3. — Required  the  weight  of  a  oast-iron  hollow  cylinder  5  feet  high  and 
30  inches  diameter  internally,  having  metal  1  inch  thick  (reckoning  3*8  cubis  inches  of 
cast-iron  equivalent  to  1  lb.).  The  external  diameter  is  the  internal  diameter  increaied 
by  twice  the  thickness  of  metal ;  it  is  therefore  3^  inches,  and  its  area  wouU  be 
32  X  32  X  '7854.  The  area  of  the  internal  would  be  30  X  30  X^  7854; -and,  sub- 
tracting, we  have  (32  X  32  —  30  X  30)  X  '7854  =  97'4S6  sq^  inches  for  the  area  of 
the  section  of  metal.    The  solid  contents  are  97'436  X  60  ins.  =  5846*16  cub;  ins.,  and^ 

— -  Q —  =  1538-46  lbs.,  or  13cwt.  2qr8.  26}lbs7    When  the  diameter  of  a  hollow 

u*o 

cylinder  is  large  in  proportion  to  the  thickness  of  itt  iftatoialj-^as  in  t&e  case  of  a  boiler, 
which  may  be  several  feet  in  diameter,  while  the  thickness  *of  its  metal  is  less  than  half 
an  inch,  we  may  multiply  the  area>of  itrsorfiiee  by  the- thickness  of  material  to  ascer- 
tain the  quantity  of  material. 

Boilers  are  generally  made  of  wtoughft-Kmni)latie ;  and  it  happens  that  a  square  foot 
of  iron  plate  |th  of  an  inch  thick-weighs  5  lbs.  In  order  to  ascertain  the  weight  in  pounds 
of  a  wrought-iron  boiler  Jth  of  an  inch  thick,  we  shoidd'then  have  to  multiply  its  anr- 
face  by  5 ;  and  were  the  thickness  fthsor  Jth,  we  should  multiply  by  2  X  5  or  10;  for 
thickness  f  th8,vmultiply- by  3  X  5  or  15,  and  so  on.  But  in  constructing  boilers,  there 
are  many  plates  used,- which  overlap  each  other  at  their  joints,  and  at  the  comers  there 
are  angle-irons,  >and  numerous  rivets  are  used  to  make  the  joints  tight.     Making  allow 
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ance  for  all  these  ad^tioiu  to  the  weight,  we  may  eetimate  the  weight  per  superficial 
fbot  at  about  6  lbs.  for  every  |th  of  an  inch  in  thicknoHSi  or  3  lbs.  for  eyery  t^  of  an 
inch.  Again,  as  xfr  ia  nearly  %V^,  we  may  roughly  approximate  the  weight  in  cwtfl. 
by  the  following  rule : —  ■* 

Mule. — ^Multiply  the  surface  (in  square  feet)  by  the  thickness  (in  ^ths  of  an  inch), 
aid  divide  by  20  for  the  weight  (in  cwts.). 

Example  4. — Required  the  weight  of  a  Gormsh  boiler,  external  diameter  4  feet, 
diameter  of  flue-tube  2  feet,  length  12  feet,- thidmess  |  iV  of  an  inch  (or  3|  eighths  of 
an  inch). 
External  circumference  .    4  X  3f 
Circumference  of  flue     .    2  x  3f 

nearly      lenirth    sarfk<!e  of  casing  and  flue. 

Both      .    .    .    .    6  X  3t  =  18-9     X     12        :£:         226*8 
Area  of  end  of  boiler  4  X  4  X  '7864 

Area  of  flue     .    .    2X2X-7864 

— — —  '  surface' of  endD. 

Difference  12  X  '7864  =  9*4  X  2  (ends)     r=  18-8 

245-6  total  suifiguse. 
And  ^^^20^  ^*-  =  43  cwt.  nearly,  or  2  tons  3  cwt 

•   The  cubic  contents  of  a  sphere  is  f  rds  of  that  of  a  cylinder  of  the  same  diameter  and^ 
altitude.    But  the  altitude  being.equal  to  the  diameter,  and  f  rds  of  *7854  being  *5236, 
the  contents  of  the  sphere  may  be  found  by  the  following  method  :-^ 
Rule. — ^Multiply  the  cube  of  the  diameter  by  *6236. 
a^ample  5. — Required  the  number  of  cubic  inches  in  a  ball  12  inchiss  diaflieter. 

12  X  12  X  12  X  -6236  =  904-7868  cubic  inches. 
When  the  sphere  is  hollow, 

Eule. — Subtract  the  cube  of  the  internal  diameter  from  the  cube  of  the  external  dia*- 
meter,  and  multiply  by  '5236. 

Example  6. — Required  the  weight  of  a  hollow  ball  ofiron,  30  inches  duoneter  exter- 
nally, metal  1|  inch  thick,  reckoning  3*8  cubic  inches- to  the  pound. 
External  diamfeter  30  X  30  X  30  =  27000  cubed 
Internal  diameter  27  X  27  X  27  —  19683 


7317' 
And  7317  X  '5236  _  j^^g  j^^.  ^^  ^  ^^. 
3-8 
The  cubic  contents  of  a  cone  is  }rd  of  that  of  a  cylinder  of  equal  base  and  altitude. 
Hence,  to  find  the  content  of  a  cone : — 

Rule, — Multiply  the  isquare  of  the  base  by  the  height  and  by  *2618. 
Example  7. — Required  the  solid  contents  of  a  cone,  having  a  base  1  Scinches  diameter, 
and  a  height  of  22  inches 

18  X  18-X  22  X  -2618  =ri866-ll  cubic  inches.- 
Theflolids  with  which  the  pmctical  mechanic*  has  to  deal  are  chiefly  those  called 
solids  of  revolution,  or  such  as -may  be  conceived  to  *be  produced  by  the  revolution  of 
some  figure  roimd  an  axis.  Aiiy  work  that  is  formed  in  a  turning-lathe  is  a  solid  of 
revolution.  An  imaginary  line  extending  between  the  centres^- of  the  lathe  is  the  axis ; 
and  if  the  solid  were  cut  across  by  ft  plane  passing  through  this  line,  the  section  or  sur- 
£eice  exposed  on  the  removal  of  the  half  cut  off  is  symmetrical  <m  each  side  of  the  axis  of 
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centre  line,  Une-haU  of  this  aymmetrical  figure,  or  the  part  lying  on  either  side  of  the 
axis,  is  called  the  generating  figure.  Thus,  a  cylinder  is  generated  by  the  revolution  of 
an  oblong  or  rectangle  round  one  side.  A  cone  is  generated  by  the  reyolution  of  a  right* 
angled  triangle  round  its  perpendicular.  A  sphere  is  generated  by  the  revolution  of  a 
aemidrcle  round  its  diameter.  A  spindle,  by  the  revolution  of  a  segment  of  a  circle,  or 
other  curve,  round  its  chord.  In  the  same  way,  other  mathematical  figures,  such  as  the 
ellipse,  or  the  parabola,  are  capable  of  producing  solids  of  revolution  by  causiag  them  to 
revolve  round  their  axes.  When  the  ellipse  is  supposed  to  revolve  round  its  shorter 
axis,  the  solid  produced  is  called  an  oblate  or  shortened  spheroid ;  when  it  revolves 
round  its  longer  axis,  the  solid  is  an  oblong  spheroid.  The  parabola,  by  revolution,  pro- 
duces the  paraboloid. 

There  are  singular  relations  among  some  of  these  solids  of  revolution,  one  of  which 
it  is  useful  to  remem- 
ber. If  ABED  re- 
present the  section  of 
a  cylinder,  whose  base 
has  a  diameter  A  B  dou* 
ble  its  height,  or  axis, 
C  F,— AF  B  the  section 
of  a  cone  on  the  same 
base,  and  of  the  same 
height  with  the  cylin- 
der—A  G  F  H  B  the  sec- 
tion of  half  a  sphere, —        . t 

andAKFLBthesec*      ^  ^ 

tionofaparaholoid;then  F»»-  272. 

The  solid  conterits  of  the  cone  is  )rd  of  that  of  the  cylinder. 
„  „  hemisphere  is  frds  „  „ 

„  „  paraboloid  is  J  „  „ 

As  the  paraboloid  comes  midway  between  the  cone  and  the  hemisphere  in  form  of 
aection,  so  its  capacity  comes  midway  between  them  in  amount.  In  many  oases  of  men- 
suration of  solids  of  revolution,  when  the  form  of  section  is  something  between  that  of 
a  cone  and  of  a  hemisphere,  it  may  be  taken  as  a  paraboloid,  and  its  capacity  may  be 
found  thus :— ^ 

£ule. — Square  the  diameter  of  the  base,  multiply  by  the  height  and  by  '3927  (half 
of  '7854).    Or,  multiply  the  area  of  the  base  by  half  the  height.  ,  ' 

JSxampU  8. — ^Required  the  solid  content  of  a  paraboloid,  base  2  feet  6  inches  dia- 
meter, height  1  foot  8  inches  diameter. 

Area  of  a  circle  2  feet  6  inches,  or  30  inches  diameter,  707  square  inches,  nearly. 

Half  of  1  foot  8  inches,  or  20  inches 10 

Solid  content  7070  cubic  inches. 
In  general,  the  capacity  of  any  solid  of  revolution  may  be  found  by  multiplying 
the  area  of  its  generating  figure  by  the  circumference  described  by  the  centre  of  gravity 
of  that  figure.  In  a  ring,  for  instance,  generated  by  the  revolution  of  a  circle  round 
some  centre  without  it,  if  we  know  the  diameter  of  its  generating  circle  or  section,  and 
the  distance  of  its  centre  from  that  round  irfaich  it  revolves,  we  can  compute  its  solid 
contents,  as  we  may  show  by  an  example. 
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Example  9. — A  ring  of  circidar  section  measures  10  ins.  external  diameter,  and  6  ins. 
internal:   required  its  solid 


contents.  Subtracting  6  from 
10,  there  are  left  4  ins.,  which 
must  be  double  the  diameter 
of  the  ring's  section,  giving  2 
ins.  as  the  actual  diameter  of 
the  section,  which  has  there- 
fore an  area  2  X  2  X  '7854 
==  3*1416  sq.  ins.  Again, 
adding  6  to  10,  and  taking 
half,  we  get  8  ins.  as  the 
distance  between  A  and  B  (Fig.  273),  the  centres  of  the  circular  sections,  and  the  cir- 
comference  of  a  circle  8  ins.  diam.  is8X3*1416  =  25*1328  ins.  The  solid  content 
of  the  ring  is  therefore  3*1416  sq.  ins.  X  251328  ins.  =  789572  cub.  ins.  In  this 
particular  case,  it  happens  that  the  centre  of  gravity  of  the  section  coincides  with  the 
oentre  of  figure.  When  this  is  not  the  case,  the  position  of  the  centre  of  gravitj  may 
readfly  be  found  by  the  following  mechanical  process : — 

Draw  upon  a  card  or  piece  of  thin  wood,  or  plate  of  metal  such  as  sine,  the  figure, 

either  of  its  fiiU  size  or  to  any  con- 
venient scale ;  and  having  cut  it  ^t  to 
the  shape,  make  two  small  holes  in  it 
such  as  A  and  C  (Fig.  274).  Suspend 
it  by  a  thread  from  one  of  the  holes,  and 
along  the  face  of  it  let  a  plumb-line 
bang,  and  mark  B,  the  point  where  the 
plumb-line  crosses  its  edge,  tracing  a 
line  AB  coinciding  with  the  plumb- 
line.  Suspend  it  now  by  the  other 
hole  C,  with  the  plumb-line  crossing 
the  line  formerly  traced  at  D.  This 
point  is  the  oentre  of  gravity  of  the 
figure,  or  the  point  round  which  all 
parts  are  balanced.  The  position  of  the 
centre  of  gravity  thus  ascertained  may 
be  laid  down  upon  the  drawing  of  the 
work  to  be  estimated,  and  the  solid  content  may  be  found  by  the  rule  we  have  given. 

For  the  measurement  of  a  solid  of  irregular  form,  the  most  convenient  method  is  to 
fuppose  it  divided  by  numerous  parallel  planes  into  sections  of  equal  thickness — to 
measure  the  area  of  each  of  those  sections,  and  find  the  mean  or  average  of  them  by 
summing  them  all  and  dividing  by  their  number.  This  average  area  multiplied  by  the 
total  thickness,  measured  perpendicularly  across  the  planes  of  section,  will  give  the  solid 
content.  In  many  cases  of  the  measurement  of  cylindrical  bodies,  such  as  timber  or 
round  bars  of  metal,  it  is  more  convenient  to  use  the  girth  or  circumference  as  a  known 
dimension  for  estimating  the  cubic  contents.  A  near  approximation  to  the  capacity  may 
be  made  thus : — 

Rule. — Multiply  the  square  of  the  girth  by  the  length,  and  by  8,  and  point  off  two 
decimal  places. 
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Example  10. — Required  the  cubic  contents  of  a  round  log,  having  an  average  girth 
of  6  ft.  3  ins.,  and  12  feet  long.  6  ft.  3  ins.  decimally  expressed,  is  6>25,  and  6*25  X 
6*25  X  12  X  8  =:  3750.  Pointing  off  two  decimal  places,  the  solid  content  is  37 '5 
cub.  ft.  The  ordinary  rule  for  timber  gives  a  considerably  smaller  result,  and  is 
intended  not  to  furnish  the  accurate  contents,  but  the  contents  estimated  according  to 
trade  custom.    It  is, 

BuU, — Multiply  the  square  of  ^th  the  girth  by  the  length. 

According  to  this  rule,  the  contents  of  the  log  in  Example  10  would  be  (^th  of  6*25 
being  1*5625)  1*5625  X  1*5625  X  12  =  293  cubic  feet. 

DUODBCIMALS. 

In  the  mensuration  of  surfaces  and  solids,  a  system  of  computation  is  frequently 
adopted,  called  the  duodecimal  system,  because  the  notation  is  reckoned  by  twelves 
(Latin  duodecim),  instead  of  the  ordinary  decimal  scale  of  tens  (Latin  decern). 

According  to  the  duodecimal  system,  a  square  foot  is  supposed  to  be  divided  into 
12  equal  parts,  each  containing  12  square  inches:  and  each  of  those  parts  again  into 
twelfths,  each  one  square  inch ;  and  these  again  into  twelfths.  So,  also,  a  cubic  foot  is 
divided  into  12  equal  parts,  each  144  cubic  inches;  each  of  those  into  12  parts,  each 
12  cubic  inches ;  and  each  of  those  into  12  parts,  each  1  cubic  inch.  To  multiply  a 
certain  number  of  feet  and  inches  by  some  other  number  of  feet  and  inches,  the  one 
quantity  is  written  below  the  other,  as  in  ordinary  multiplication. 

1.  The  inches  are  multiplied  by  inches,  the  product  divided. by  twelve,  the  remainder 
written  one  place  back  from  the  inches,  and  the  quotient  carried  to  Ifae  next  operation. 

2.  The  feet  are  multiplied  by  inches,  and  the  number  carried  from  the  former 
operation  added,  the  result  divided  by  twelve,  the  remainder  written  in  the  place  of 
inches,  and  the  quotient  written  in  the  place  of  feet. 

3.  The  inches  are  multiplied  by  feet,  the  result  divided  by  twelve,  the  remainder 
written  in  the  place  of  inches,  and  the  quotient  carried. 

4.  The  feet  are  multiplied  by  feet,  and  the  carried  number  added,  and  the  whole 
written  in  the  place  of  feet. 

5.  The  result  of  the  two  multiplications  are  added,  carrying  by  twelves. 

For  cubing,  the  same  process  is  repeated,  remembering  that  in  the  cubed  result,  or 
the  result  of  multiplying  three  quantities  of  feet  and  inches,  there  are  four  places — tfiz,, 
cubic  feet ;  twelfths,  each  144  cubic  inches ;  twelfths  of  twelfths,  each  12  cubic  inches ; 
and  cubic  inches. 

Example. — Required  the  cubic  contents  of  a  dstem,  the  base  of  which  is  4  ft.  8  ins. 
long  by  3  ft.  10  ins.  vride,  and  the  height  5  ft.  7  ins. 

We  first  find  the  area  of  the  base. 

80 
Operation.  8  ins.  X  10  ins.  =  80  sq.  ins.  and^=  6  pts.  8  ins.  a. 

carry  6  and  write  8,  a, 

4ft.  X  10ins.  =  40,add6  =  46,and^=3ft.lOpt8.A,e. 

24 
8  ins.  X  3  ft.  =  24,  and  j— =  2  ft.  0  pts. 

carry  2,  and  write  0,  J. 
4  ft.  X  3  ft.  =  12  ft.  add  2, 14  ft.,  e. 
Sum  the  two  lines. 


4  ft. 
3 

Sins. 
10 

3c. 
lie. 

106.    8a. 
0(f. 

17  ft. 

10pts.8ins. 
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We  now  multiply  the  are*  of  Imm  hj  the  height. 

ft.  pti.  ini. 
Ana  17  10    8 


5    7 


ID    5    2    8 

89    5    4 

99  10    6    8 


Opentioii.  8  X  7=:56,uid^=:4  ft.  8iiis.  cany  4. 

12 


lOX  7+4  =  74, indy^=:6ft.2iiii. carry 6. 

17  X  7  +  6=125,  and  ^=10  ft.  5  Sm 

40 
8  X  5=40,  and  |2 =3  ^  ^  ^m  cu*7  3. 

53 

10  X  5  +  3= 53,  and^=  4  ft.  5  iM.  carry  4. 

17X5  +  4  =  89.    Sumthelinea. 
Thd  cubic  contenti  are  therefore 

99  cub.  ft.  10  twelfths,  6  hundred  and fbrty-fourthi,  8  cub.  ini. ,  or  99  ft.  1520  eoK  int., 
became    10  twelfths,  each  of  144  cable  inches      .    .    .    =  1440  cubic  inches. 
6  hundred  and  forty-fourths,  eacb  12  cub.  inf.  :=       72        „ 
8  cubic  inches 8        ,y 

1520 
Water  is  generally  taken  as  the  standard  of  spedfic  graTity,  and  it  fortunately 
happens  that  1  cubic  foot  of  water  weighs  Tery  nearly  1000  ounces.    By  reference  to 
any  table  of  specific  gravities,  the  weight  of  a  cubic  foot  of  each  material  is  given  in 
ounces ;  and  from- this  may  be  readily  derived-— 

1.  The  weight  of  1  cubic  foot  in  lbs.,  vis.,  ^fgOi  of  the  spedfic  gravity  or  weight  in 
oi.«  because  1  ox.  =:  ^fth  of  1  lb. 

2.  The  weight  of  1  cubic  inch  in  ounces— via.,  the  spedfic  gravity  divided  by  1728, 
beeause  there  are  1728  cubic  inches  in  1  cubic  foot^—and  the  weight  of  1  cubic  inch  in 
lbs.,  viz.,  the  spedfic  gravity  divided  by  1728  and  the  quotient  by  16,  or  the  spedfic 
gravity  divided  by  27648. 

3.  The  number  of  cubic  inches  in  1  lb.,  vis.,  16  times  1728,  or  27648  divided  by  the 
specific  gravity. 

4.  The  number  of  <mbic  feet  in  1  ton,  viZi,  2240  lbs.  X  16  os.,  or  35840  oa.  divided 
by  the  spedfic  gravity. 

Example  1. — ^Required  the  wdght  in  lbs.  of  7  cubic  feet  of  English  oak. 

^P^-«^^-^X7=393flbs.5or3cwt.2qr.lilbs 
Bxample  2. — ^Required  the  weight  of  178  cubic  indies  of  cast-iron. 

r>_  7200 

27648^^^^  =  '*^^^ 

Example  3. — ^Required  the  number  of  cubic  inches  in  2  cwt  (or  224  lbs.)  of  giiii*i 

metal. 

27648 

= ^^^^  X  224  =  703i  cubic  inches. 

Spec.  grav.     8800  ^  '  ^  luuiw.. 

Example  4. — Required  the  number  of  eiMe  ^feet  in  20  tons  of  granite. 

35840 

■s ^^^^^---T=:r«  X  20  =  265i  cubic  feet. 

Spec  grav.    2700  ^^""^  ^''^^  *'**"*"  ""*• 


Digitized  by 


Uoogle 


500  ESTIMATED  WEIGHT  OP  DIFFERENT  BODIES. 

In  estimating  the  weight  of  wrought-iron  cylindrical  ban,  the  following  method  is 
a  rery  near  approximation : — 

Rule. — Square  the  diameter  reduced  to  eighths  of  an  inch,  multiply  by  the  loigth 
in  feet  and  by  4^,  and  point  off  two  decimal  places  for  the  weight  in  lbs. 

Example  1. — Required  the  weight  of  a  bar  of  wrought-iron  5}  ins.  diameter  and 
7  ft.  7  ins.  long. 

5f  ins.  =  47  eighths,  and  7  ft.  7  ins.  =r  7  A  ft. 
47X47X7AX4f=69401. 
The  weight  is  therefore  694  lbs.,  or,  6  cwt.  0  qr.  22  lbs. 
For  wrought-iron  bars  of  rectangular  section : — The  widths  of  these  advance  by 
•  quarters,  and  the  thickness  by  eighths  of  an  inch. 

Rule. — Multiply  the  breadth  in  quarters  of  an  inch  by  the  tiiickness  in  eighths,  by 
the  length  in  feet,  and  by  lOi,  and  point  off  two  decimal  places  for  the  weight  in  lbs. 
•    Example  2.-p— Required  the  weight  of  a  bar  of  wrought-iron  2^  ins.  ?ride,  }  in.  thick, 
and  3  feet  long. 

Width  9  qrs.  X  thickness  3  eighths  X.  length  3  ft.  X  lOJ  ==  850;  therefora  the' 
weight  is  8*5  lbs. 

For  wrought-iron  plates. 

Rule, — Multiply  the  area  in  square  feet  by  the  thickness  in  eighths  of  an  inch,  and 
by  5  for  the  weight  in  lbs. 

Example  3. — Required  the  weight  of  123  square  feet  of  boiler-plate  ^  tHr  in*  thick. 
Thickness  i  f^,  or  2}  eighths  of  an  inch. 

123  X  2i  X  5  =  1538  lbs.,  or  13  cwt.  1  qr.  24  lbs. 
For  cast-iron  balls. 

Rule.— To  the  cube  of  half  the  diameter  (in  inches)  add  its  elerenth  part  for  tha 
weight  in  lbs. 

Example  4. — Required  the  weight  of  a  cast-iron  ball  6  ins.  diameter.    Half  the 
diameter  is  3  ins. 

And  3  X  3  X  3      .     .  =  27 
Add  one-elerenth  of  27  =    2*5 

Weight 29*5  lbs. 


Hie  practical  mechanic  who  has  frequent  occasion  for  calculations  as  to  weights, 
▼olumes,  and  strengths  of  materials,  would  do  well  to  provide  himself  with  some  of  the 
published  tables  of  squares,  cubes,  areas,  and  circumferences  of  circles,  weights,  and 
the  like.  These  tables  are  useful  in  abridging  the  labour  of  calculation,  and  in 
diminishing  the  chances  of  error ;  but  as  it  often  happens  that  such  books  of  reference 
are  not  accessible  at  the  time  a  computation  may  be  required,  it  is  well  that  he  should 
be  prepared  with  some  of  the  simple  rules  given  above,  and  that  he  should  bear  in  his 
memory  a  few  of  the  numerical  values  of  the  giavity  and  other  properties  of  some  of 
the  materials  most  generally  used,  such  as  iron,  guu-metd,  and  timber. 
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Beauty  of  machinery,  on  what  it  de- 
pends     234 

Beccu,  data  lor  saiuuiuung  the  strength  1 267 

Beech,  table  of  etrength 298 

Bell-crank  lever  for  converting  motiQn.J^463 
Bell,  diving 219 
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Bell  metal.    (Sm  Metal.) 

Bellows,  hydroctatie 164 

Bellows 235 

Bending  apparatna    235 

Bending,  effecta  of  transverse  strain  ...  286 
Bending,  ho  w  to  prevent  beams  from ...    289 

Bending  metals,  machinery 236 

Bending  timber,  machinery    236 

Bent-leyer  balance 103 

Berzelitts  on  equivalenta 37 

Bevel  gearing 456 

Bevelled  wheela 118 

Billiard,  motion  of  balls  158 

Bird's-eye  view  is  horiz<mtal  projection    241 

Birds,  how  they  stand  and  walk 90,  91 

Bleaching  machinery   236 

Blow-off,  a  cock  in  marine  boilers    ....    379 

Blowing  cylinders «...    235 

Blue  vitriol.    (See  Vitriol. ) 

Board  for  drawing 258 

Boards  of  windmills  319,  823 

Bodies  floating  in  two  fluids... 180 

Body    ^ ..-..« H8 

Boiler,  an  apparatus  for  generating  steam    370 

Boiler,  effects  of  internal  pressure. 2^8,  269 

Boiler,  Cornish S73-;<75 

Boiler,  its  construction 370,  371,  376 

Boiler,  marine  steam  engine 375 

Boiler,  marine,  cleaning    379 

Boiler,  rules  as  to  dimensions 373 

Boiler,  tubular 375,  376 

Bolofn&a  tower  88 

Bones,  their  action  ..«.. 309 

Borda's  method  of  balance 108 

Borelli  on  horse's  walk ». 90 

Boring  machinery 286 

Boring  machines,  methods  for  moving ...    463 

Boron 8 

Boscovick's  theory  as  to  the  constitution 

of  matter 7,  8 

Bourdon's  steam-gauge »....    385 

Box-wood,    data    for    calculating    the 

strength 26/ 

Boyle's  law  of  proportion  between  the 

volume  and  pressure  of  air  ...............    206 

Bramah  hydrostatic  press 165 

Brandy  weighs  more  in  winter  than  in 

summer 182 

Brass 3 

Brass  and  brass,  table  of  friction  477 

Brass  and  steel,  table  of  friction............    477 

Brass,  crushing  pressure   270 

Brass,  data  for  calculating  the  strength..    267 

Brass  used  for  bearings 478 

Brass  used  in  the  construction  of  balances    108 

Brass  used  to  diminish  friction 396 

Brass,  table  of  torsive  strength  .«...•    803 

Brass,  its  elasticity 24 

Brasses,  an  apparatus  in  machinery  ...«•  442 
Break  or  friction  strap  ......................    472 

Breast-wheel  .................... 337,  and  foil. 

Breast-wheel,  comparative  power 339 

Breast-wheel,  estimated  power... ... ...  m.  ...    340 

Breast-wheel,  its  description...M....M..M.M    338 

Breast-wheel,  terminology m.............    341 

Breast- wheel,  where  applicable  .mm.*.....  343 
Breexe,  velocity  and  pressure  of  a....«...  314 
Brick  building,  how  high  might  be  safely 

carried 274 

Brick-making  by  steam  .............«.•.„*...    432 
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Bricki,  effect  of  compressing  .^ 273 

Bricks,  experiments  on  crushing    274,  275 

Bricks,  machinery  for  preparing 236 

Brickwork  columns^  experiments  on 274 

Briditf  (tubular)  282,  290 

Bridges  formed  of  iron  plates  290 

Britannia  tubular  bv^dge  ...» 282,  290 

Brittleness 18 

Bromine 3 

Bromine,  solid,  liquid,  and  aSrlform 6 

Brunei's  tubular  bridge 290 

Buckets,  chain  of 337 

Buckets  of  Persian  wheel 848 

Buckets  in  water  wheels  ............332.  333,  8A7 

Buckling,  how  to  prevent  beams  from  ...  289 
Building,  how  high  might  be  safely  car- 
ried    274 

Building     materials,     experiments    on 

crusning 274 

Building   materials,   experiments   upon 

strength  272 

Building  materials,  influence  of  pressure  274 

Bursting  strain 268 

Bushes,  an  apparatus  in  machinery  ......  442 

Bushes,  method  of  making  478 

Button-headed  rivets  in  steam  boilers  ...  377 


Cables,  hempen,  experiments  on   their 

strength  264 

Calculating,  machinery  for    236 

Calico-printing  machinery 236 

Comber,  or  amount  of  arching  in  beams..  286 

Camel,  as  a  moving  force 311 

Camphor  soluble  in  spirit  26 

Cams,  an  apparatus  to  move  valves   401 

Cams,  their  action   464 

Canal  works,  scales  employed  for  plans...  260 

Canvas  of  windmills  322 

Caoutchouc,  vulcanised,  the  valves   of 

condenser  made  of  420 

Caoutchouc,  machinery  for  preparing  ...  235 

Capacity  of  an  irregalar  vessel 177 

Capillarity,  a  manifestation  of  electric 

force 194 

Capillary  attraction  and  repulsion  ......192,  193 

Capillary   attraction,   its   action   in   oil 

apparatus .' 442 

Capillary    attraction    opposes    tliat    of 

gravity. ......^ 189 

Capstan...... 117,  285 

Capstans,  the  friction  of  ropes  or  chains..  480 

Carbon 3 

Carbon    and  nitrogen,  a  compound  in 

which  metals  bum  4 

Carbonate  of  lime ^ 6 

Carbonic  acid  diffuses  itself  through  hy- 
drogen   21 

Carbonic  acid  in  a  liquid  and  solid  state..  5 

Carding  machinery  236 

Carlisle's   and   Nicholson's    method   of 

analysing  water 3 

Carriage  axles  case-hardened 478 

Carriages,  method  of  arresting    475 

Carrying  loads,  elephant  employed 311 

Case-hardening 478 

Cast-iron,  strength  of 267 

Castings  of  iron,  contract  in  cooling  trom 

molten  state  „ 289 
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Casting  metals,  machinery... .» 236 

Catalysis 21 

Catgut  used  for  cords  to  drive  machinery  448 
Catherine-wheel,  its  principle  applied  to 

turbines  345 

Caulking  the  rivets  in  steam-boilers 877 

Cavendish's, (Mr.),  experiment  on  attrae* 

tion  12 

Cements,  machinery  for  preparing 236 

Centigrade  scale  of  temperature 487 

Central  lines  in  drawings  j  251 

Centrifugal  force 148 

Chain  as  unit  of  measurement    260 

Chain  employed  to  strengthen  beams 292 

Chain,  rules  for  computing  the  strength  271 

Chain,  the  shearing  strain  on  pins  306 

Chain  to  turn  wheels  120 

Chains,  their  friction 480 

Chalk,  crushing  pressure  275 

Change-water  apparatus  in  marine  boilers  379 
Channels  for  conveying  water  to  mills  342,  845 

Charcoal,  its  absorbing  power  21 

Chariots  propelled  \^  means  of  sails  319 

Chemical  aflSnity  25,  and  foil. 

Chemical  action  as  a  power   359 

Chemical  action,  a  source  of  mechanical 

power  MO 

Chemical  action  a  source  of  power 232 

Chemical  affinity 18 

Chemical  equivalents 26 

Chemistry  connected  with  mechanics  ...  227 

Chimney  of  a  steam-boiler  378 

Chladni's  experiments  on  vibrations 22 

Chlorine 3 

Chlorine  the  only  gas  hitherto  converted 

into  a  liquid  6 

Circle,  dividing  the 469,  489 

Circular  motion 143 

Circular  sections  have  not  so  great  tor- 
sive strength  as  square  302 

Circumference,  how  to  find  the  489 

Clay  excavating,  power  developed 311 

Clay,  its  elasticity  23,  24 

Cleavage 30 

Clepsydra,  or  water-clock 200 

Clipping  as  a  strain 261,  803 

Clock 40 

Clock  machinery 853 

Clock,  magic 92 

Clock,  striking  apparatus 354 

Clock,  water 200 

Clock-work,  its  power    233 

Clocks  are  the  most  ingenious  devices  for 

regulating  power........... 236 

Clutch  friction -....  466 

Clutch  to  couple  or  uncouple  shafts  440 

Cocks  in  the  steam-engine  described ......  386 

Cogs « 117,448 

Cohesion —  18 

Cohesion  between  solids  and  fluids    19 

Cohesion  of  a  body,  what  is 260 

Cohesive  attraction  follows  a  regular  law  27S 

Coil  of  rope,  its  friction 480 

Colladon's  experiments  on  conveyanee  of 

sound  22 

Collision  of  bodies l.H 

Colouring  drawings 2A0 

Columbus,  his  equilibricmi  of  an  egg   m.  88 

Columns  of  brickwork,  experiments 274 

Columns  of  east-iron,  their  strength ......  274 
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Colnmni  of  stone,  experiment! 274 

Columns  of  wood,experlmenttonitrength   274 

Combined  engines 425 

Comets,  their  motion II,  S6 

Compass,  a  drawing  instrument 260 

Components  of  force  43 

Compressibility  of  bodies  25 

Compression 272 

Compressicn,  effects  of 285 

Compression,  experiments   have  as  yet 

shown  no  regular  law 272 

Compression,  influence  of  height  273 

Compression  of  elastic  fluids   20ft 

Compression  of  fibres  in  beams 277,  279 

Compression  of  materials 261,  272,  288 

Concave  surfaces,  fluid  pressure  on  171 

Condensation  of  steam  566 

Condenser  in  a  steam  engine  419, 420 

Condenser  of  air 219,  420 

Condensing  steam-engines.    See  Steam- 
engines. 

Cone  ascending  an  inclined  plane  85 

Cone  drawing 249 

Cone  frustrum.  developed  m  drawing  ...    2  9 

Cone,  tu  find  its  centre  of  gravity  98 

Cone  vessel,  fluid  pressure  in  a   171 

Cones,  projection  of  the  shadows  of  255 

Conical  pulleys,  their  action..... 445 

Conical  surface  developed  in  drawing  ...    248 
Connecting-rod,     forii-end ;      strap-eye, 

895,  596,  897 

Construction,  elegance  of  228 

Contraction  of  east-iron  in  cooling 289 

Copernicus's  hypothesis  on  the  motion  of 

planets W 

Copper 5 

Copper,  alloyed  with   tin,   used  to  di- 

minish  friction 896 

Copper    bars,     experiments    on     their 

strength 263 

Copper  (cast),  data  for  calculating   the 

strength 267 

Copper,  crushing  pressure 275 

Copper,  its  specific  gravity 12 

Copper  leaf,  how  thin  can  be  beaten  9,  10 

Copper,  table  of  torsive  strength 803 

Copper,  (wrought)  daU  for  calculating  the 

strength  of 267 

Cordage  making  machinery ^ 236 

Cords  98 

Cord!*,  flexible   41 

Cords  used  for  conveying  motion 448 

Cork,  its  specific  gravity,  12 ;  elasticity...      23 
Com  thrashing  and  winnowing  by  steam    432 

Cornish  boiler 878,  375 

Cornish  engines m. 423,  429 

Cornish  granite 275, 477 

Corrugating  adds  to  the  stiffness  of  plates    290 
Cost  (economy  of),  the  chief  study  of  me- 
chanics     228 

Cotes  *s  calculation  of  the  weight  of  the 

atmosphere 212 

Cotton,  machinery  for  prepadiig ............    236 

Cotton  manufacture,  one  horse-power  suf- 
ficient for  100  spindles    481 

Cotton  spun  into  a  thread  l-400th  part  of 

an  inch  in  diameter 9 

Ufoplcs,  theory  of 64-79 

Coapllng  by  taction    473 

CoupUbg  rods,  a  manner  of 306 


Coupling  shafts  described 438 

Crab,  a  machine    235 

Crane,  a  machine  for  raising  weights 235 

Crane,  friction  break  of  a  ~ 233 

Crane,  hydraulic  357 

Crane,  method  of  stopping  the  machinery    472 

Crane,  the  friction  of  ropes  or  chains 480 

Crank  for  converting  motion    ....    462 

Crank,  its  action  and  construction 394-398 

Crank-shaft  of  a  steam  engine,  condition 

of  rotation  .- 803 

Cross-pulleys  for  reversing  motion 466 

Crowbar  99 

Crown  wheel 118 

Crushing  apparatus,  effects  of 235, 272 

Crushing  foroe,  table  of  experimente 275 

Crushinv  ore  machinery  at  mines   429 

Crystalline  force  24 

Crystals   28,  29.  30 

Cubes,  drawing 239 

Currents  of  water,  computation  of. 828 

Curved     surfaces,     projection    of    the 

shadows 255 

Cunres  intersecting,  mode  of  drawing  249, 250 

Curves,  projection  of 244 

Curves  round,  the  scales  for  measuring...    260 

Curving  timber,  machinery 236 

Cutting  apparatus  235 

Cuttings  in  drawing    244 

Cyanogen   4 

Cylinder,  apparatus  for  steam  power    362,  867 

Cylinder,  drawing 239 

Cylinder  float^nx  its  equilibrium 185 

Cylinder  of  steam  engine  described...  885, 389 
Cylinder,  projection  of  the  shadows  ^....  255 
Cylinder      represented      geometrically 

•iiaded .• ... ...    257 


Dam  across  yalleyi 843 

Dam  or  reservoir  of  water   342 

Dam  to  check  a  stream 342 

Dam,  to  find  the  pressure  sustained  by  a  168 

Davy's  analysis  of  potash  and  soda   ......  4 

Day,  sidereal...... 40 

Day.Bokur 40 

Deal,  table  of  strength 298 

Deal  white,  crushing  pressure 275 

Decanter,  pressure  of  fluids  in  the   ...m.  173 

Deflection  of  beams  under  load 286,  287 

Density ., 12,  149 

Desagulier's  method  for  estimating  centre 

of  gravity........... 83-4« 

Development,  process  in  drawing  248 

Diamond  broken  by  a  moderate  blow......  31 

Dilatability  of  bodies 25 

Direction  of  forces  44 

Discharge  of  fluids.    See  Fluids. 
Distance  and  time  the  elements  of  velo- 
city    231 

Distance  travelled,  an  element  for  mea- 
suring power 230 

Divider,  a  drawing  instrument 260 

Dividing  machines 469 

Diving  bell    219 

Divisibility  of  matter 6  and  foU. 

Docks,  pumping  in 430 

Double-beat  valve  in  steam  enginet ......  886 
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ragging  loadu ^ Sll 

Drainage  of  hiilt  collected  in  reseivoirt..  348 

Drainage  performed  by  windmills 326 

Draining,  form  of  engine  employed   ......  423 

Draining  land  by  steam 432 

Dram  weight 39 

Draughtsman  should  draw  all  details  full 

size 260 

Drawing  a  hexagonal  prism 243 

Drawing  cubes  and  cylinders 2^9 

Drawings  full  size,  their  object 260 

Drawing  instruments 258 

Drawing  land  surveys,  what  scales  are 

used 260 

Drawing  mechanical,  its  objects... .«    287, 240 

Drawing  pens 260 

Drawing  sections 242 

Drawing  side  elevations 242 

Drawing  solids 253 

Drawing  squares m. 258 

Drawing  teeth  of  wheels.    Rulen 454 

Drawing  the  exterior  of  solid  bodies....-  241 

Druwing  the  interiorof  bodies 241 

Drawing  unfolded  surfaces 247 

Drawings  (working),  what  are 251 

Drilling  machinery -  S36 

Driving  machinery 431 

Drum  to  convey  motion.- 448 

Drunken  thread  of  a  screw,  what  is 245 

D-slide  in  steam-engines   ...— 887 

Duchjiyla's  demonstration  of  the  pafal- 

leldgram  of  forces  47 

Dutrochet  discovers  some  euiious  pheno- 
mena   20 

Dyeing  machinery  —  2:^6 

Dymmical  and  statical  mechanics .........  227. 

Dynamics    33, 129,  and  fol. 

Dynamics,  momentum  of - 60 

Dynamometars..... 37,236,  474 


Earth,  attracted  and  attracting  11 

Earth,  centrifugal  force  at  the  surlace  ...  146 

Earth,  equatorial  diameter  -..-  160 

Earth  excavating,  power  developed  ......  311 

Eartti  form ;  its  influence  on  weight 12 

Earth  motion «.  37 

Earth  once  in  a  fluid  state I'lS 

Earth  polar  diameter - 160 

Eccentric,  action  of  the ...399, 400 

Ect-ntric adjustment «...  409 

Eccentric  for  converting  motion 462 

Eccentric,  the  throw  of  the  309 

Education,  general,  should  embrace  prac- 
tical mechanics 237 

Egyptian  architecture,  there  is  not  found 

anarch    226 

Elasticity  18, 21 

Elasticity  a  source  of  power  ... .. .- 2S2 

Elastic  bodies  in  collision     155 

Elasticity  employed  for  giving  motion  ...  351 

Elasticity  exercised  in  resisting  strain  ...  26 1 

Elasticity  in  fluids  162 

Elasticity,  modulus  of  156 

Electric  telegraph  285,  359 

Electricity  a  source  of  mechanical  power  309 
Electricity  a  source  of  motive  power...  232,  359 

Electricity  the  cause  of  capillarity 194 

Elementary  substances  8 


Elements,  how  designated 26, 27 

Elephant  employed  for  carrying  and  drag- 
ging     811 

Eleva'Jons,  drawing  241,244 

Ellipse  described 470 

Ellipse  employed  for  gearing    470 

Elm,  crushing  pressure 275 

Elm,  table  of  strength 298 

Embankment,  bow  to  be  constructed.w ...    170 

Smery  in  polishing  surfaces -    478 

Endosmose 20 

Engine  acting  by  decomposition  of  water    859 

Engineer's  object 228 

Engines  are  the  products  of  dynamioil 

mechanics  ....- 228 

Engines  (steam).    {Set  Steam-engines.) 

Envelopment,  process  in  drawing  248 

Equator,  force  of  gravity 146,  160 

Equatorial  diameter  of  the  earth 160 

Equilibrium  neutral  in  floating  bodies  ...    185 

Equilibrium  of  a  floating  body 188 

Equilibrium  of  a  material  particle 42 

Equilibrium  of  a  ri»:id  body 57 

Equiliiirium  of  a  rotating  fluid  190 

Equilibrium  or  rest 35 

Equilibrium,  stable  and  imstable  83 

Bquilibrium.  stable  in  floating  bodies  184.  185 
Equilibrium,  unstable  m  floating  bodies  1 84, 185 

Equivalents,  chemical  26,  27 

Escapement  in  a  clock  358 

Escapement  wheels,  methods  for  moving  463 
Estuaries,  tidal,  their  mechanical  p«>wer..  382 
Ether  rises  in  vapour  at  low  temperature  13  06O 

Excavating,  the  movement  of 311 

Excisemiu's  hydrometer  to  test  spirits...    182 

Exosmose  20 

Expansibility 18 

Exploding  strain 268 

Extension  or  materials  288 

Eyes,  their  action 809 


Fabrics,  methods  of  some  gearing  used...  471 

Fabrics,  textile  machinery  230 

Face-coupling  for  shafts 439 

Falling  bodies,  their  velocity  352 

Fan  for  producing  air  blast   431 

Fan,  revolving,to  regulate  the  striking  of 

a  clock 354 

Fanners  235 

Faraday's  theory  aa  to  the  constitution 

of  matter   7 

Farming  machinery    432, 488 

'  *  Feather,**  a  key  for  coupling  shafts 439 

Feathering  paddle    434 

Feed-pump,  how  put  In  motion  893 

Feed-pump  of  a  boiler  described    892 

Foot,  their  action 309 

Fibre  in  bodies,  what  is 261 

Fibres  (tearing  asunder)  in  beams 277 

Fibres,  their  tension  and  compression  in 

beams 277 

Field  operations  by  steam «...  482 

Fingers,  their  action   809 

Fir,  data  lor  calculating  the  strength  ...  267 

Fire-engine  described 216,  289 

Fire-grate  in  a  steam-er.gine biii,  378 

Flange  to  strengthen  beams 2  9 

Flanges  to  strengthen  rail —  289 
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Flatting  Iron — 432 

Flaws  in  cast  iron    290 

Flax,  machlnerjr  forpreparing 236 

Float-board,  water- pressure  on  a S28 

Float  for  ascertaining  the  water-level  In 

boUers 880 

Floating  body  in  equilibrium  ^ 183 

Floating  equilibrium 185 

Floats,  their  velocity  should  not  exceed 

one^bird  that  of  the  steam  .^ 831 

Flood-gates,  to  And  the   pressure  sus- 
tained by   i«8, 170 

Flour,  machinery  for  preparing  285 

Flue-surface  in  a  steam  engine 272 

Flue-surface  in  a  steam  engine,  rules  as 

tosixe 873 

Fluid  discharge,  computation  of 198, 199 

Fluid,    how  to   ascertain   the    specific 

gravity  of  any  ~ 178 

Fluid  pressures  167 ;  inequality 232 

Fluid,  rotating,  its  equilibrium  190 

Fluids     eommuniaciing    through   bent 

tubes    187 

Fluids  discharged  from  vessels  kept  con- 
stantly full 199 

Fluids,  elastic  or  compressible 205 

Fluids,   incompressible,   the    object    of 

hydrodynamics 195 

Fluids,  machinery  for  moving    235 

Fluids,  resistance  of  ,», 201 

Fluids,  science  of 151 

Fluids,  spouting  196 

Fluids,  their  cohesion  with  solids  19 

Fluid j»,  their  cohesive  force 18 

Fluids,  ttieir  elasticity  and  pressure  ...170,  363 

Fluids,  their  velocity  through  orifices  ...  196 
Fluids,  velocity  with  which  they  flow 

from  an  orifice 827 

Fluids  which   do   not  intermix,   their 

equilibrium  in  tubes  188 

Fluorine - 8 

Fly-wheel  in  a  steam  engine,  its  action 

and  uses    303,  396,  432 

Foot 89 

Force  can  be  created  or  annihilated  by  no 

machinery 395 

Force,  centrifugal 143 

Force,  its  measure   10,37 

Force,  its  nature  and  properties    ...1,  and  foil. 

Force,  its  tnmsmission  34 

Force,  its  unity 88 

Force,  living 157 

Force  of  gravity.    {See  Gravity.) 

Force,  tangential 146 

Force,    the  object    of   dynamical    me- 
chanics      228 

Force,  the  sources  of 232 

Force.    (S«e  also  Power.) 

Forces,  accelerating  129.andfoll. 

Forces  are  subject  t  o  continual  variations  234 

Forces,  moment  of 59 

Forces,  moving    148 

Forces  of  chemical  affinity  27 

Forces,  parallel,  their  centre  80 

Forces,  parallelepiped   50 

Forces,  polygon  of 49 

Forces,  problems  on 54-7 

Forces,  resolution  of 48 

Forces,  their  geometrical  representation  42 

Forces,  iziangle  of  •^....^....^^.^....^.^  48 
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I    Forcing-pump ^.^ 2i8 

!    Forging  machinery 236 

Fork-end  in  the  connecting  rod  , 397 

Fountains,  ornamental,    hydraulic  ram 

applicable  to 851 

Foumeyron's  turbine 347 

Fracture  of  beams   279, 284,  and  foU. 

Freestone,  crushing  force 275 

Friction 127,  128,  233,  437 

Friction   a  very  irregular  resistance  in 

machinery  ^ 353 

Friction  as  a  retarding  force    476 

Friction  clutch 466 

Friction,  co-efficient  of 477 

Friction-couplings 440,473 

Friction  employed  as  a  useful  resistance  233 

Friction  employed  to  stop  motion 472 

Friction  losses  in  steam  engines 412 

Friction  of  a  coil  of  rope  4«0 

Friction  of  metals  upon  each  other    396 

Friction  on  shafts  and  pulleys 479 

Friction  stays    472 

Fraction  table  477 

Froude's  apparatus  fur  regulating  rotation  354 

Froude's  apparatus  for  spring- pov?er 356 

Fuel,  consumption  in  steam  engines    372,  ^82 
Fuel,  lib.  can  convert  101  bs.  of  water 

into  steam 381 

Fulcrum    59, 99 

Full-size  drawings,  their  object  26u 

Fulling-mills,  methods  for  moving  4i3 

Furlong 39 

Furnace  of  a  steam  boiler 378 

Furnaces,  smelting,  the  production  of  air 

blast 431 

Fusee  to  receive  the  coils  of  a  watch 

spring ^ 855 

Fusion  without  decomposition 6 

G. 

Gale,  velocity  and  pressure  of  a 814 

GariKcnda,  the  tower  at  Bclogna 88 

Garnets  and  alums 30 

Gas  and  vapour  ^the  difference  between)  5 
Gas,  its  elasticity  proportioned  to  its  den- 

■Ity  362 

Gaseous  bodies 6 

Gases,  elastic  fluids    162 

Gatses,  their  diffusion 21 

Gauge-cocks  for  ascertaining  the  water- 
level  in  boilers 880 

Gauges   „  236 

Gear  (striking),  its  use  446 

Gearing  bevel  456 

Gearing,  elliptical  470 

Gearing  for  the  lathe 468 

Gearing,  its  action  448 

Gearing  square 471 

Gib-heads,  keys  for  coupling  shafts  439 

Girders,  best  form  of  section  282 

Girders,  cast-iron,  usual  section 288 

Girders  formed  of  plates  290 

Girders,  strength  calculated 281 

Girth,  the  circumference  of  cable  .........  263 

Glass  attracts  water  , 192 

Glass,    cohesion    of*   plates    smoothly 

polished 18 

Glass  gauge  for  ascertaining  the  water- 
level  in  boilers  .......«.........^............  880 
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GlaM,  its  elasticity ~ 23 

61m8,  machinery  for  preparing  286 

Glass,  the  most  elastic  substance   156 

Glass  tnmbler  broken  by  the  yoice  of  a 

singer ••  2< 

Glass  used  in  the  construction  of  scale- 
pans » — *-  108 

Gold ~.  a 

Gold,  its  adhesive  force  with  mercury  .»  19 

Gold,  its  specific  gravity  ^^....^  12 

Gold,  whether  it  is  a  porous  body     ...    IS,  16 

Gold  wire 9 

GoTernor    for    regulating    the    speed- 

fbrmula  • 404 

Governor  for  regulating  the  speed  in 

steam  engines  403 

Governor  steam  engine »....  843 

Governor   to   regulate   the  velocity  of 

windmills  322,  323 

Gudgeon,  the  axis  of  a  pi^ley 120 

Gun,  its  strength 270 

Gun-metal,  tahle  of  torsive  strength   ...  303 

Gun-metal  used  for  shaft  bearings 478 

Gun-metal  used  to  diminish  friction  ...  396 

Gutta  percha  employed  for  straps 447 

Gutta  percha,  machinery  for  preparing...  235 

Grain  weight 39 

Gramme ; 41 

Gramme,  French 160 

Granite,  crushing  force  275 

Granite,  table  of  friction 477 

Gravesande  on  the  cause  of  gravity  13 

Gravitation  employed  for  giving  motion..  351 

Gravity  10,  and  foil. 

Gravity,  a  constant  power 280 

Gravity  at  Spitsbergen   160 

Gravity  at  the  equator  146, 160 

Gravity,  centre  of   79,  98 

Gravity  in  the  latitude  of  London  and 

Paris 160 

Gravity,  its  cause 13 

Gravities  of  two  liquids  compared 181 

Gravity  opposed  by  capillary  attraction...  180 

Gravity,  specific  12,  166,  176 

Gravity,  specific,  affected  by  temperature  182 

Gravity,  specific,  balance  for  ascertaining  179 

Gravity,  specific,  examples  182, 183 

Gravity,  specific,  of  a  compound 177 

Gravity,  specific   of  a  solid  found  by 

Niohulson's  hydrometer 181 

Gravity,  specific  of  any  fluid,  ascertained  178 

Grindstone  grit,  crushing  pressure 275 

Grotto  del  Cano ^  21 


Hammers  (tilt).    {See  Tilt-hammert.) 

Hand  when  exerting  an  amount  of  power  229 

Handcart,  power  of  man  in  dragging  a...  312 

Hands,  their  action 309 

Hair,  human,  its  diameter 9 

Hardness 18 

Hardness,  a  strength  to  resist  external 

force 272 

Hatehing  or  section-lining 250,  251 

Hatty  on  crystallization 29 

Hawksbee's  air-pump 220 

Heart,  action  of  the 310 

Hetta source  of  power .^...282,  309,  359 


Heat  and  pzeuure  the  causes  of  proper- 
ties o(  matter...  .M...M ...............^       4 

Heat  expands  liquids ^    MO 

Heat,  latent  ^,    4S0 

Heat  lost  by  air  through  rarefaction  ......    212 

Heat,  xepulsive  power  of m....      21 

Heating  surface  in  a  steam-engine 374 

Heavenly  bodies,  their  rest  or  motion ......      36 

H^npen  bower  eables,  experiments  on 

their  strength...... ^ 26S 

Hempen  ropes,  rules  for  computing  the 

strength ^    271 

Herschel  un  indestructibility  ...............      17 

Herschel  on  perturbations  of  planetary 

motion u 

Hexagon,  how  to  draw  it  259 

Hexagonal  prism  drawing i\3 

Hiero,  King  of  Syracuse,  proposes  a  prob- 
lem to  Archimedes  176 

Hodgkiason's  calculations  on  elasticity...      23 
Hodgkinwm's  experiments  for  measuring 

elasticity 156 

Hollow  key  for  coupling  shafts... 439 

Horology 236 

Horse  as  a  moving  force 31 1 

Horse,  average  power  of  a..... 812 

Horse-power,  as  a  standard 231,  812 

Horses  in  motion 89, 90 

Human  body,  centre  of  gravity 88,  89 

Human  power,  its  various  exertions 311 

Hurricanes,,  velocity  and  pressure  of 314 

Hydrodynamics  S3, 195,  and  foil. 

Hydrogen    3 

Hydrogen    and  oxygen    explosive     by 

platina... 21 

Hydrogen  attracts  carbonic  acid 21 

Hydrometer  for  measuring  the  gravities 

oi  solids  and  fluids 181 

hydrometer,  the  instrument  used  to  test 

^•plrits 182 

Hydraulic  apparatus 235 

Hydraulic  lift  and  crane   ....857,  358 

Hydraulic  presses  and  lifts  2;i5 

Hydraulic   presses,   effects    of  internal 

pressure ....^ m.. 270 

Hydraulic  ram  for  raising  water 349 

Hydrostatic  bellows 164 

HydrosUtic  paradox 162, 164 

Hydrostatic  press. 165 

Hydrostatios ,.  38,  161 

Hyperbola,  a  curve  exhibiting  the  varia^ 

tion  of  steam-pressure    368 

Hyperbola,  the  surface  of  a  fluid  in  capil- 
lary attraction  193 

Hyperbolic  curve,  the  outUne  of  the  fusee    356 
Hyposulphurous  acid  ....^.........m.  ...... ...26, 27 


loe  and  steel,  tatle  of  friction 477 

Ice  on  ice,  table  of  friction  47" 

Impact •    354 

Impenetrability ^7, 16 

Implements  are  the  products  of  dynami* 

calmechanics 228 

Imponderable  elements 2 

Impulse 184 

Inch 39 

Inclinations,  conveying  loads  up ... ... ... ,.    31 1 

Inclined  plane  ................^...99, 124, 137,  )52 
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Inclined  plane,  a  machine XS5 

India-rubber  acted  o«i  by  Alcohol  and  by 

water    20 

Indiarfubber,  its  force  of  cohesion 18 

India-rubber  Yuleanised 24 

Indestructibility  17 

Indicator,   an   instrument  to  ascertain 

power 236,  WO,  410 

Indicator  applied  to  a  condensing  engine  421 
Indicator,  formula  for  finding  the  power.  412 
Indicator  U  also  a  picture  of  the  defeets 

in  the  engint* ^ 412 

Indicator,  its  action m... .........    411 

Inartia 14 

Iiifiiitory  animalcules,  their  minuteness..  10 
Instruments  for  mechanical  drawing......    258 

Instruments,  musical 236 

Instrnments,  philosophical  m......    236 

Intersections  of  one  curved  surface  with 

another   249 

Inventions,  mechanical,  not  the  result  of 

accident 227 

Involute  of  the  circle 452 

Iodine 3,  6 

Iodine  rises  in  vapour  at  low  temperature    360 

Iron 3 

Iron  and  platina  weKling  19 

Iron  bars,  their  streni^Cn    262-264 

Iron,  brass,  and  steel,  table  of  friction...    477 

Iron  (cast)  columns,  their  strength    274 

Iron   (cast)  contracts  in   cooling   tiom 

molten  state  289 

Iron  (cast),    data    for   calculating   the 

strength 267 

Iron  (cast),  effects  or  compressing ...  ,»*„,    273 

Iron  (cast)  girders,  usual  section    288 

Iron  (cast),  irs  elasticity... m......      2S 

Iron  (cast),  irs  specific  gravity 12 

Iron  (cast)  often  deceptive 276 

Iron,  crushing  proKSure 275 

Iron,  experiments  at  to  compression......    272 

Iron,  its  adhesive  force  with  mercury  ...  19 
Iron,  malleable,  rails,  best  section .........    289 

Iron  manufkctories 432 

Iron  manufacture,  steam  power  for  pro- 
ducing blast 431 

Iron-rust...... 26 

Iron,  table  of  strength 298 

Iron,  table  of  torsive  strength »....    303 

Iron,  tensive  and  couipresidve  difference 

between  cast  and  wrought    288 

Iron  (wrought),  data  for  calculating  the 

strenirth 267 

Irrigating  by  steam 432 

Irrigation,  raising  water  lor 348 

Iso-morphous  crystals 30 

Ivory,  ito  elasticity  .....23, 156 

J. 

Jack,  a  machine 119,  238 

Jaws,  their  action s09 

Jets,  computation  of  their  horizontal 

range 198 

Joint,  universal,  for  coupling  shafts  441 

•upiter  destitute  of  atmosphere 212 

K. 

Eater's  determination  of  the  pendulum 
standard  ....M........ «.....» 41 


rasB 

Kepler's  hypothesis  on  the  motion  of 

ptanets    ^, H 

Keys  for  coupling  khafts  ^ 439 

Key  way,  a  recess  for  keys ... ......... ...... ...  439 

King-post  fixed  to  a  beam 292 

Kites  propelling  vehicles  over  ice  .........  819 

Knife,  a  lever 100 

Knot  in   a  wooden  post  an  important 

element  of  fracture.M...^...................  271 


L. 

Lahour  as  a  punishment ^  311 

Labour,  its  economy  is  the  chief  study  of 

mechanics 228 

Labour,  manual,  important  observations 

for  its  economy 811 

Land-Burveys,  ecales  used  in  drawing  ...  260 

Lathe  and  mandril 4h7 

Lathe,  screw  gearing  for  the 468 

Lead   (cast),  data   for    calculating   the 

strength 267 

Lead,  crushing  pressure 275 

Lead,  effect  of  compressing 27-1 

Lead,  its  elasticity 24 

Lead,  its  specific  gravity  12 

Le<td,  table  of  torsive  strength 303 

Leather  employed  in  straps 447 

Lt-ather,  machinery  for  preparing  235 

Leather  straps,  rules  for 479 

Leather,  table  of  friction  477 

Leiives,  the  teeth  of  a  pin<on 1 1 8 

Leeway  317 

Lees,  their  actim 309 

Lenirth,  unit  of 39 

Leslie  (Sir  John)  on  particles  of  musk  ...  10 

Levelling  Instruments  168 

Lever -. 99-102,  235 

Lever,  bell-crank,  for  converting  motion  462 

Lever,  its  action  437 

Lever  presses 235 

Lever  represented  by  the  muscles 230 

Leverage,  endless    ii6 

Liebig  on  compound  atoms  in  animal  and 

vegetable  bodies   4 

Lifting  a  load,  action  of  man  in 31 1 

Lifts,  hydraulic   ...^ 285,  357 

Light,  its  velocity    13 

Light,  the  height  of  atmosphere  deduced 

from  the  refraction  of 213 

Lights  to  complete  drawings  need  no 

geometrical  projection    258 

Lights  represented  in  drawings  256 

Lime    28 

Limestone,  compact,  crushing  force  ......  275 

Limestone,  its  elasticity 23 

Limestone  when  exposed  to  heat 6 

Lineal  measure 39,  485 

Lines,  central,  in  drawings  251 

Lines,  dividing ^  469 

Link  motion  in  marine  and  locomotive 

engines 401 

Links  of  a  chain,  their  shearing  strain...  806 

LlpM,  their  action 309 

Liquid  bodies 4.6 

Liquid  measure    487 

Liquids,  different,  how  to  measure  their 

gravities 181,182 

Liquids,  expansive  power  of   SM 
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Liquids,  their  powet  to  convey  sound  ...  22 

Liying  force  157 

Load,  power  of  man  in  carrying  a 312 

Lofids,  bearing  and  dragging  811 

Lock-up  safety-valve 384 

Loeomotive 48S,  and  foil. 

Locomotive,  boilers  first  employed  in   ...  376 

Loeomotive  described 438 

Loeomotive  for  ordinary  roads m...  438 

Locomotive,  friction-break  of  a  ............  233 

Locomotive,  its  essentials 483 

Locomotives,  D-slide 388 

Locomotives,  spring  balance  in   384 

Locomotives,  their  pressure  ranges  as 

high  as  ISOlbs  882 

London,  gravitv  in  the  latitude  of 160 

London,  pendulum  beating  seconds  at ...  160 

Louvre-boards  of  windmills 323 

Lyeopodium 23,  24 


Machinery   cannot  create  or  annihilate 

force 895 

Machinery  driving 431 

Machinery  for  effecting  transit  and  com* 

munication 235 

Machinery  for  making  ropes,  cordage, 

paper  236 

Machinery  for  measuring  and  calculating    236 

Machinery  for  moving  iluids   285 

Machinery   for   preparing    animal   and 

vegeteble  products 235 

Machinery^  for  preparing  mineral  pro- 
ducts     236 

Machinery  for  preparing  timber  236 

Machinery  for  raising  weights  and  giving 

pressure 235 

Machinery  for  textile  fabrics   236 

Machinery  for  working  metals »....    23 J 

Machinery,  its  beauty   on   what  it  de- 
pends      234 

Machinery  moved  by  a  weight 853 

Machinery  moved  by  springs  ^    856 

Machinery  of  antiquity 226 

Machinery,  strains  to  which  may  be  sub- 
jected     276 

Machinery,  varying  the  speed  of 446 

Machines 98,  226 

Machines  are  the  products  of  dynamical 

mechanics 228 

Machines  perform  their  work  better  than 

the  hand 818 

Machines,  the  velocity  of  any  part  is  pro- 
portional to  its  strain 437 

Machinist,  what  is  his  object  t 228 

Magic  clock 92 

Magnesia   28 

Magnetism,  as  a  source  of  mechanical 

power 809,  859 

Magnitude  of  forces  44 

Mahogany,    data  for    calculating    the 

strength ^ 267 

Mahogany  wood  ....» 12 

Malleability  18 

Man,  average  power  of  a  312 

Man,  his  action  when  standing  and  walk- 
ing  « 89.90,91 

Man,  how  much  pressure  he  can  exert 
bjlilagxaap <«......»..... 812 


lAon 

Man-hole  in  boilers ^ 379 

Man,  how  much  weight  be  can  bear  and 

lift    812 

Man's  nrascular  force  a  source  of  power..    282 

Mandril  of  the  lathe  467 

Manual-  iabour,   important  observation 

for  its  economy sn 

Manufactories  generally  employ    beam- 
engines   481 

Manufactories,  power  required  in  481 

Marble,  crushing  pressure 275 

Marble,  its  specific  gravity    is 

Marine  engines  described    424,426 

Marine  enginesintrodueed  in  manufacto- 
ries      481 

Marine  steam  boilers S75 

Marrlutt's,  law  application  of  868 

Marriott's  law  of  gases  362 

Marriott's  lacw  of  proportion  between  the 

volume  and  pressure  of  air  208 

MaxB,  explanation  of  this  term   166 

Mass  of  a  body 10,  12 

Mass,  unit  of  a 152 

Mass 149 

Material,  its  economy  is  the  chief  study 

of  mechanics 228 

Material,  its  disposal  to  secure  strength..    290 

Material  particle ^ 34 

Materials,  crude,  machinery  for  preparing    236 
Materials  with  which  the  mechanic  has 

to  deal 260 

Mathematical  instruments    236 

Matrix  of  a  punching  machine 305,  806 

Matter,  its  properties    1,  and  foil. 

Measure  of  length  89 

MeasiireK,  English,  38— 41 ;  ditto  French      41 

Measuring  machinery 236,  469 

Mechanical  drawing  237,240 

Mechanical  notation  proposed  by  Babbage    288 
Mechanical  invention  not  the  result  of 

accident  « 227 

Mechanical  philosophy  38 

Mechanical  powers 99 

Mechanics,  practical,  a  necessary  know- 
ledge      225,287 

Mechanics,  statical  and  dynamical.........    227 

Mechanics,      their      ooi.nection     with 

chemistry  287 

Mediiun  or  ether 18 

Men,  muscular  power  of   ...«• 809 

Menai  SUaits  bridge  282 

Mercurial  steam  gauge  in  boilers   885 

Mercury,  as  a  means  of  measuring  pres- 
sure of  fluids  368,364 

Mercury,  its  adhesive  force  with  gold, 

silver,  and  Iron 10 

Mercury,  itM  capillary  repulsion  19S 

Mercury,  its  density  and  specific  gravity    166 

Mercury  in  the  barometer    206 

Mercury  vapour,  proposed  engine     861 

Meridian 4^ 

Metaoeutre  in  a  floating  body  ...............    184 

Metacentre,  its  deiennlnation 126 

Metal  arsenic  in  a  solid  and  aflrifrrm 

state 5 

Metal  (bell)  its  elasticity   28 

Metals 8 

Metalloids 8 

Metals  burning  in  a  compound  of  carbon 
and  n'^ogen  •mm«....««...m«....m.m ........       4 
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MeUIa  into  wire  become  itiongez  ..«^^70,  271 

Metale,  maehineiy  for  working  2M 

MetalB  set  on  fire  by  mere  contact  with 

water  — m.~...  4 

Metals,  tinning ^ ^ »^....  19 

Metre  m.^..................*-...*..  41 

Micrometer  screw   „ 469 

Mile  .^ „^ «  39 

Mill  dam 843 

Mill  shaft,  apparatus  for  shifting  ...    32S,  S24 

Mills,  channels  for  conveying  water  to  m.  HM 

Mills  (tide).    (See  Tide  Mills.) 

Mills  (wind).    (^eeWindmUU.) 

Mills  worked  suocessiTely  by  the  samo 

water 843 

Millwright  formerly  knew  all  about  his 

machinery    236,313 

Mineral  products,   machinery  for  pre- 
paring.  -.......«••  236 

Mines,  watt's  engines  applied  to    .........  429 

Mitre  wheels 457 

Molecular  forces 18 

Moment  offerees 39 

Moments,  positive  and  negative 60 

Momentum  - 139, 160 

Momentum  in  machines m.........  233 

Momentum  of  a  steam-engine  equal  to  a 

blow  of  a  681b.  cannon  ball  ....« 276 

Momentum  of  dynamics 60 

Momentum  of  the  body  ........................  149 

Moon  has  no  atmosphere  212 

Moon's  motion 36 

Morin's  experiments  on  turbines   ...^..^  347 

Mortars,  their  strength 270 

Motion,  circular  m. 143 

Motion,  double 159 

Motion  down  and  up  inclined  planes...l87, 139 

Motion,  eccentric 399 

Motion  in  fluids,  the  resistance  to 2ul 

Motion  :ln  machinery  changed  trans- 
versely   446 

Motion,  its  communication.. .436,  and  foil. 

Motion,  laws  of  Newton ^  199 

Motion  of  heavenly  bodies 11 

Motion  of  heavenly  bodies  the  result  of 

two  simple  forces 233 

Motion  of  projectiles 140, 141 

MoUon  of  translation 139 

Motion  parallel  in  steam-engines   422 

Motion,  rectilinear,  unifonnM....M.M....M.  130 

Motion,  rectilinear,  variable..................  132 

Motion,  reversing    466 

Motion,  rotary ...393, 426,  462 

Motion  stopped  by  firlction  ..................  472 

Moulding  apparatus 285 

Moulding  machinery 236 

Mountains,  the  height  computed  by  ba- 
rometer    211 

Mountains,   the    height    measured  by 

means  of  barometer. 208 

Mountains,  their  influence  on  the  plumb- 

Hne 12 

Mouth,  theaction  of  the........................  810 

Movement,  reciprocating 462 

Moving  forces  ...m......  148 

Mud-holes  In  boilers 379 

Muscles  as  levers    100,  230 

Muscles  not  controlled  by  the  will .........  310 

Museles,  their  action  .........................  309 

Mnanliw,  JhtAttoiM^^^^^^^^^.^  810 


Muscular  forces  of  men  and  animals  a 

source  of  power 232 

Muscular  power  of  men  and  animals 309 

Musical-bozes  ....................................  356 

Musical  instruments  .........M....M.M....M.  286 

Musk,  its  perfuming  power  ...^.m.......^.  1 


Natural  philosophy ......^.m...*....,.  ly  and  foil* 

Neutral  axis  of  beams    289 

Newcomen,  the  earliest  engine  available 

was  his ......417»429 

Newton's   contrivance    fbr     measuring 

elasticity    136 

Newton's  experiment  on  attraction  by 

means  of  pendulums »...  12 

Newton's  laws  of  motion  139 

Newton's  opinion  as  to  the  divisibility  of 

matter ».  7 

Newton  on  porosity 16 

Newton  on  the  cause  of  gravity  ............  13 

Newton  on  the  vena  contracta 203 

Newton  the  discoverer  of  gravitation  ...  10 
Nicholson's  and   Carlisle's  method  of 

analysing  water 3 

Nicholson's  hydrometer... „ ...... ......  181 

Nitrogen »  3 

Nitrogen   and  carbon   a  compound  in 

which  metals  bum  4 

Nobert's  (Mr.)  prize  medal  for  lines  on 

glass  one  4700th  part  of  an  inch  .........  8 

Non-con dentting  engines 421 

Non-metallic  elements  ^ 8,6 

Notation,  mechanical,  propoaed  by  Bab- 

bage 238 

Nutcrackers  as  levers m.  100 


O. 

Oak,  Aftican,  crushing  pressure .«...  2'il 

Oak,  data  for  calculating  the  strength  ...  267 

Oak,  English,  crushing  pressure............  273 

Oak,  its  specific  gravity 12 

Oak,  table  of  strength 298 

Oar  a  lever 109 

Oar,  the  movement  of  the 311 

Oblate  spheroid..... 493 

OAets,  or  scales  fur  measuring  ............  260 

Oil  apparatus  in  machinery « ~.  441 

OU  of  vitriol.    ( See  Sulphuric  Acid.) 

Oil,  machinery  for  crushing ... ... .......«».  283 

Oiling  reduces  friction 478 

Oils,  vegetable,  machinery  for  preparing  233 

Optical  instruments 286 

Ordnance;    thickness  does  not   always 

constitute  strength -  270 

Ore  stamping  and  crushing  at  mines ...«•  429 

Ores,  machinery  for  nrepanng 236 

Orifices,  velocity  of  fluids  through........  196 

Ouneeweight <»....    38,39 

Outlines,  drawing  287—230 

Overshot  water-wheels  827,332 

Overshot-wheel,  where  applicable  .........  342 

Overshot-wheels,  terminology 341 

Ox  as  a  moving  force ,. 311 

Oxalic  acid  filters  through  a  bladder..,.*  20 

Oxide  of  iTon.M.M.M.M,.Mmi.MM..M«MM*M*.M  21 
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Oxygm  3 

Oxygen  and  hydrogen  exploeive  by  pl»- 

tlna  21 

Oxygen  gas  does  not  exist  in  the  liquid 

or  solid  state  ...... ....m.mm..m......m....««       S 


Packing-ling  of  the  piston  of  a 

gine 891 

Paddle  featherini? 434 

Paddle-wheel  described 434 

Paddle-wheels,  shock  from  waves  .........  803 

Paddle-wheels,  steam-engine  for  driving  424 
Palladium  used  for  the  construction  of 

balances 108 

Paper-makint;  machinery  236 

Paper,  thickness  of  a  common  sheet  9 

Parabola,  the  curve  described  by  fluidi 

issuing  from  orifices    196 

Parabola  the  path  of  a  projectile 141 

Parabola,  the  proper  longitudinal  section 

of  a  beam    291 

Parabola,  the  surface  of  rotating  fluids  ...  191 

Paraboloids 496 

Parallel  lines,  their  use  in  drawing 248 

Parallel  motion  in  steam-engines 422 

Parallelogram  of  forces  44 

Parallelogram  of  velocities 189, 140 

Pareal's    experiment   on    rising    water 

through  tubes 206 

Paris,  gravity  in  its  latitude 160 

Particle  material  34 

Paving  of  London  represents  more  labour 

than  the  largest  pyramid   228 

d    Paving  York,  crushing  pressure 275 

Pear-tree,  da'  a  for  calculating  the  strength  267 

Pemberton  on  porosity  16 

Pen,  a  drawing  instrument « 260 

Pencil  compass « 260 

Pendulum,  as  a  means  of  obaenring  the 

gravitation 12 

Pendulum  as  a  standard  measure  of  length  40 
Pendulum  beating  seconds  in  London  ...  160 
Pendulum,  conical,  to  regulate  the  speed  348 
Pendulum,  conical,  to  regulate  the  velo- 
city of  engine*  408 

Pendulum,  methods  for  moving 463 

Pendulum  of  a  clock    858 

Penkn  ives,  how  three  may  be  balanced  on 

the  point  of  a  needle   85 

Pennyweight 39 

Perch  or  pole „ 89 

Perpetual  screw 459 

Pen^ian  wheel  for  raising  water..... 848 

Pet-cocks  in  Hteam-engines  390 

Philosophical  instruments 286 

Philosophy  natural.  (£ee Natural  Philosophy.) 

Phosphorus ».m........ ........  8,  6 

Photography 239 

Physics l,andfoI. 

Pictures,  by  hand  and  by  photography  ...  239 

Piercing  apparatus  235 

Pigments,  machinery  for  preparing 235 

Pillar,  a  vein  in  it  an  element  of  fracture.  273 

'   Pillow  blocks 442 

/    Pincers  as  levers 99 

f     Pine,  American,  crushing  pressure 275 

*     Pine,  toble  ot  strength 298 
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Pinion « 118 

Pinion  and  rack  »...  457 

Pinion  form  of  teeth    458 

Pinions  partly  geared 465 

Pins  of  a  chain,  their  shearing  strain  ...  806 
Pipe  branching  out  of  another,  mode  of 

drawing 249 

Pipe,  the  velocity  of  water  through  a  ...  19S 

Pisa,  Leaning  Tower  of 88 

Piston,  apparatus  for  steam  power .« ...862,  867 
Piston,  how  its  reciprocating  motion  is 

converted  into  rotary    393,  and  foil. 

Piston  in  steam-engines,  its  oonstniction  390 

Piston-rod,  its  action 894 

Pitch  of  a  screw  245 

Pitch  of  a  screw,  method  of  cutting......  467 

Pitch'of  a  screw  propeller  considered  ...  435 

Pitch  of  toothed  wheels 448 

Pitch  pine,  table  of  strength  ..............  298 

Pitch  radius  of  a  wheel 454 

Plan  or  horizontal  projection  241,  248 

Plane,  inclined 99, 124,  137, 152 

Plane  surfaces  in  drawing » 238 

Plane,  what  is  called  so ...........98, 167 

Planet  and  sun  wheel 471 

Planets,  their  motion  11,36 

Planing  iron » 432 

Planing  machinery  236 

Planing  machines,  methods  for  moving 

463,466,470 

Planing  metals,  machinery 236 

Plans  of  railway  or  canal  works,  scales 

employed    260 

Plates,  corrugated,  are  stronger 290 

Plates  of  which  boilers  are  constructed  877 

Platina  and  iron  welding   19 

Platina  causes  oxygen  mixed  with  hydro- 
gen to  explode  21 

Platina,  its  specific  grarity  12 

Platinum  used  in   the  construction  of 

scale  pans  108 

Platinum  wire  9 

Plug,  fusible,  for  ascertaining  the  water- 

level  in  boilers 881 

Plumb-line 80 

Plumb-line  drawn  out  of  the  vertical  by 

attraction 12 

Plammer  blocks  442 

Pneumai  ics S3,  205 

Poinsofs  theory  of  couples  72 

Poker,  a  lever  99 

Polar  diameter  of  the  earth 160 

Polariscope 28 

Pole  or  perch 89 

Polishing  by  emery 478 

Ponderable  elements '     2 

Porosity IS 

Portland  stone 12 

Portland  stone,  crushing  pressure 276 

Post,  wooden,  a  knot  is  an  element  of 

fracture  278 

Potash  and  soda  analysed  by  Davy 4 

Potassa   28 

Potassium  4 

Pottery- ware,  machinery  for  preparing ...  286 

Pounds,  troy  and  avoirdupois 38 

Power  consists  of  two  elements  808 

Power  conveyed  by  machinery,  its  con- 
ditions   437 

Power,  human,  its  various  exertions^,*.  H* 
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Power  in  steam-engines,  how  essential...  432 

Power,  its  communication 436,  and  foil. 

Power,  its  sources  and  application    ...232,  309 

Power  measured  by  dynamometer 474 

Power,  roeehanical,  defined    436,  487 

Power,  mode  of  estimating  230 

Power,  muscular 310,  311 

Power  of  a  horse 312 

Powerofaman  .^ 312 

Power  of  grayity  a  constant  power 230 

Power  of  the  wind  ^ 314 

Power,  regulating 234 

Power  required  in  manufactories   431 

Power.    {See  also  Force.) 

Power,  standard  of .......^ ...... .........  131 

Power,  steam,    (.^ee  Steam  Power.) 
Power,  the  means  of  deriving  and  oom- 

munieatingit 229 

Power,    the  object  of  dynamical  me- 
chanics   228 

Power  wasted  by  friction  437 

Power,  what  Ur   229 

Powers,  mechanical 99 

PreMs,  hydrostatic    16.'S 

Presses ^ 235 

Presses,   hydraulic,   effects   of  internal 

pressure m. - ••...  270 

Pressure —. 152 

Pressure  and   heat  the  causes  of  pro- 
perties of  matter .............................  4 

Pressure  and  tension  m. 41 

Pressure  applied  to  elastic  fluids 205 

Pressure,  atmospheno 205 

Pressure,  centre  of  ».  174 

Pressure,  explanation  of  the  term  .........  166 

Pressure^Ying  machinery  235 

Pressure,  internal,  its  effects ...268, 629 

PresHure,  its  tmnsHnission  through  fluids  162 

Pressure  of  different  fluids  170 

Pressure  of  fluids  on  concave  surfaces ...  171 

Pressure  without  motion,  its  law  .........  437 

Pressures,  fluid 167 

Pressures  on  triangles  and  rectangles  ...  169 

Pressures,  resultant  of  all  the 173 

Priming  in  boilers,  what  it  is    379 

Printing  machinery,  a  peculiar  form  of 

screw  applied 465 

Printing  presses  235 

Projectiles,  motion  of 140, 141 

Projectiles,  range  and  height  142 

Projection,  horizontal  240,  241.  243 

Projection  of  curves  244 

Projection  on  plane  surftu^es   240 

Projections  are  not  representations  of  the 

actual  appearances  252 

Propellers,  paddle-wheels... ...... ...303, 424,  434 

Propellers,  screw    425,  434,  479 

Propulsion  of  vessels 434 

Protractor,  a  drawing  instrument  260 

Prout's  table  of  equivalents 26 

Pulley    99, 120-123 

PuLey,  a  machine 2S5 

Pulley,  pressure  on  the  axis 15] 

Pulleys,  conical,  their  action 445 

Pulleys  fast  and  loose... 446,447, 466 

Pulleys,  faction  on 479 

Pulleys,  rules  for  calculating  speeds 444 

Pulleys,  set  of  446 

Pulleys  to  convey  motion  443 

Pump 235 


Pump  (air).    (/7m  Air-pnmp.l 
Pump  (reed).    (See  Feed-pump.) 

Pump  for  regulating  speed 46C 

Pump  forcing  described 218 

Pump,  household 216 

Pumping,  action  of  man  in  811 

Pumping  by  steam  power  described  428 

Pumping  engine,  mode  of  reckoning 281 

Pumping,  form  of  engine  employed  in ...  423 

Pumping  in  docks   4S0 

Pumping  in  water-works   430 

Pumps  worked  by  windmills    326 

Punch,  what  is  a 305 

Punching    432 

Punching  a  hole  in  metal,  force  required  308 

Punching  machinery 286 

Punching,  the  shearing  strain  in 305 

Pttsning  bearing  used  for  screw   pro- 
pellers    479 

Pyramid,  to  flnd  its  centre  of  gravity     96.  97 
Pyramids,  a  labour  that  might  have  been 

better  applied.. . . 218 


Q. 

Quadrant,  a  division  of  a  cirde  ............  488 

Quadrupeds  when  walking    89 

Quick  lime 2 

Quicksilver  in  a  liquid  and  solid  state  ...  5, 6 

Qnintena's  balance Ill 


Rack  and  pinion 457 

Rack  first  proposed  for  railroads 438 

Racks  and  partly  geared  pinions 465 

Racks,  machines  for  cutting 469 

Rails,  question  of  deflection 287 

Rails,  the  best  section  of  289 

Railways,  scales  employed  for  plans  260 

Railway  trains,  method  of  arresting   475 

Ram,  hydraulic,  for  raising  water  .........    349 

Ram  of  the  hydraulic  lift 357 

Ramsden's  balance 108 

Ratchet-coupling  for  shafts 440 

Ratchet-wheel  for  vibrating  motions  ......    463 

Rays  of  light  considered  in  drawing  ^'442,  253 

Rasor-grinder's  machine   .\.    100 

Reaction .\    41 

Reciprocating  movement  ..461 

Rectan{^le»,  pressures  on    JU69 

Refraction,  atmospherical V 

Regulating  powers  in  machinery  moved    \ 

by  weight  % 

Regulators  for  water-wheels S4 

Relief  valves  in  steam-engines    39' 

Rennie's  experiments  on  friction   47j 

Repultiion  21 

Repulsion,  capillary 24 

Reservoirs S4S 

Resistance  to  motion  in  fluids 201 

Respiration  organs,  their  action  siO 

Rest  or  equilibrium S5 

Resultant  of  force  48,  47 

Reversing  by  cross  straps 4qq 

Reversing  by  toothed  gearing  », ^    44^7 

Reversing  motion 466 

Rhine  tidal  mills  zsi 
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RllM  to  sfrengtbeB  rails   .....m.... m...  289 

Rigid  body 84 

Rigid  body  in  equilibrium 97 

Rivers,  estimated  speed ^ 830 

Riveting  machinery    »  236 

Rivets  used  in  constructing  boilers    377 

Roberval's  balance 113 

Rocking  stones 14 

Rods 98 

Rods,  a  manner  of  coupling 306 

Rods  to  strengthen  beams 292 

Rolling  iron  ...^ 432 

Rolling  metals,  machinery    236 

Roman  steelyard 108 

Roofs,  ancient  forms  of -  226 

Rope  dancers 89 

Rope,  faction  of  coils 480 

Rope-making  machinery   236 

Ropes,  rules  for  computing  the  strength .  27 1 

Ropes,  their  tension  calculated  261,  262 

Rotary  engines 426 

Rotary  motion  converted  into  reciprocat- 
ing      462 

Rotary  motion   conveyed  through  ma- 
chinery   438 

Rotary   movement,    how  produced   by 

the  motion  of  the  piston 898 

Rotating  fluid,  its  equilibrium   190 

Rotation 37,  147, 159 

Rotation,  how  to  reverse  the  direction...  444 
Rotation,  rapid,  in  shafts  decreases  the 

strain  804 

Rotation,  uniform.  Frond's  apparatus  ...  854 

Roughness 18 

Rowing,  an  operation    in   which   man 

exerts  the  greatest  power  m. 811 

Rowing,  power  of  man  in 812 

Rodder  of  a  ship,  to  find  its  maximum 

effect   204 

Rules   and  examples  for  measuring  a 

circle   489 

Rules  and  examples  for  measuring  scales 

of  temperature 487 

Rules  and  examples  for  measuring  time.  487 

Rules  for  finding  the  area  of  a  circle 491 

Rules  for  finding  the  area  of  a  parallello- 

gram 491 

Rules  for  finding  the  area  of  a  sector    ...  492 

Rules  for  finding  the  area  of  a  trapesoid.  491 

Rules  for  finding  the  area  of  a  triangle...  490 
Rules  for  finding  the  circumference  of  an 

olllpee 489 

Rules  for  finding  the  cubic  contents  of  a 

sphere 495 

Rules  for  finding  the  diameter 490 

Rules  for  finding  the  mensuration  of  the 

superficies  490 

Rules  for  finding  the  solid  contents  of 

aprism    ^ 494 

Rules  for  finding  the  surface  contents  of 

a  cylinder 491 

Rules  for  finding  the  weight  of  boilers  494,  495 

Rules  for  measuring  a  cone  494 

Rules  for  measuring  a  curved  figure 498 

Rules  for  measuring  a  sphere 494 

Rundle  120 


Safetv-Talve  in  steam-boilers 882,  888 
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Sailor's  art 815—819 

Sail,  first  rude  notion  of  a 818 

Sail  of  a  ship,  its  action 815 

Sails,  computation  of  the  angle  at  which 

should  be  set «..4|k 818 

Sails  of  windmills  - 284 

Sails  of  windmills,  their  angle  and  di- 
mensions      820,821 

Sails  propelling  chariots    819 

Salt,  how  soluble  in  water 26 

Sandstone,  table  of  friction m  477 

Satellites,  their  motion 11 

Savery's  engine    417 

Sawing  machinery  236 

Sawing  machines,  methods  for  moving  468 

Scale,  a  drawing  instrument    859 

Scales 104 

Scales,  circular «... 260 

Scale-drawings,  their  object 260 

Scales,  making  out 469 

Scales  most  convenient  for  architectural 

drawings    259 

Scales  most  convenient  for  mechanical 

drawings    259 

Scales  used  in  drawings  of  land-surveys  260 

S-cock... 158 

Scissors  as  levers 99 

Screens    that    right    themselves    after 

^  being  pressed  down 85 

Screw  ...« 99,  125,  126 

Screw,  a  machine 235 

Screw,  apparatus  for  exhibiting  the  pro- 
pelling power    854 

Screw-curves,  drawing 246,  247 

Screw  cutting  machines,  method  of  mo- 
tion   467 

Screw  drc-^ng 244,  245 

Screw  gearing  for  the  lathe 468 

Screw  micrometer 469 

Screw,  peculiar  form  applied  to  printing 

machinery 465 

Screw,  perpetual 459 

Screw  presses    235 

Screw  propeller  434,435 

Screw  propeller,  pitch  of  screw  435 

Screw  propellers,  form  of  bearing  used  479 
Screw  propellers,  steam-engine  for  driv- 
ing    425 

Screw-threads,    their    forms    generally 

agreed 450 

Sea  currents 148 

Section-lining  or  hatching 250 

Sections,  drawing   242,  244 

Seed-crushers,  methods  for  moving  468 

Seine  tidal  miUs 882 

Selenium  ■*....  8,6 

Set-square,  a  drawing  instrument 258 

Shades  to  complete  drawings  need  no 

geometrical  projections 258 

Shading  drawings   250 

Shading,  how  may  be  effected 256 

Shadowing  circular » .^ 255 

Shadowing  drawings  850 

Shadows  and  shades,  drawing    ......    852,  854 

Shadows,  to  complete  drawings,  need  no 

geometrical  projection 858 

Shaft,  a  part  of  machinery,  considered.^  488 
Shaft,  mill.    (Set  Mill-shaft.) 
Shafts,  defiection  an  important  dement 

of  weaxneM 805 

2l 


Google 


Digitized  by 


5U 


INDEX. 


PAGE 

Shans,  friction  on   479 

Shafts,  hollow  or  tubular,  their  advan- 
tage      Ml 

Shatta   of    piddle  wheels,   the   shocks 

from  wav#    803 

Shafts,  prime  movers  should  be  stronger 

thaa  second  movers   804 

Shaft.H,    rapid    r  tation    decreases    the 

btraii  804 

Shafts,  rules  for  finding  the  proper  di- 

lu-uslms    ~ 804 

Shafts,  table  of  torsive  strengths  SOS 

StaftH,  their  bearings  ease-hardened 478 

Shafts,  their  di  nensions  inquired299,  and  fell. 
Shafts,  the  number   of  revolutions  an 

element,  of  calculation  803 

Shafts,  the  power  is  reckoned  in  horse- 
power      808 

Shafts,  the  resistance  to  torsion  is  as 

the  cube  radius 801 

Shaping  metal,  machinery  for «    236,  46S 

Sheaf 120 

Shearing,  a«  a  strain 261 

Shearing  iron    482 

Shearing  machinery   286 

Shearing  strain 805,  807 

Shears  as  levers   100 

Sheave,    the   eccentric  disc   in   steam- 
engines    399 

Ship  in  motion,  the  action  of  the  wind...    815 
Ships,  caution  in  constructing  and  load- 
ing        185 

Shiver 120 

Sioulders,  their  action  309 

Shrouding  in  water-wheels  835 

bhut-offyalve  in  steam-engines  892 

Si  icium  8 

Silk  line,  as  spun  by  the  worm;  its  dia- 
meter  „ 9 

Silk,  machinery  for  preparing 136 

Silver ^ 2 

Silver,  its  adhesive  force  with  mercury...      19 

Silver  leaf,  its  thickness 9 

Skeleton,  human 809 

bkid  for  arresting  carriages  475 

Sledges  over  ice  propelled  by  means  of 

kites «.. 319 

Slide,  cylindrical  889 

Slide,  how  its  motion  it  produced  by  rotary 

movement m.m 398 

Slide-Jacket 888 

Slides,  adjustment  409 

Slides  in  steam-engines  ...^ 387 

Slips ^ 235 

Sluices  for  openmg  and  closmg  water- 
channels  M 848 

Slottini?  machine,  methods  of  moving  ...    470 

Smeatons  air  pump 222 

Smeaton's  angles  of  the  sails  of  a  windmill    821 

Smeaton's  pulley 128 

Smelting  funuces,  the  production  of  air- 
blast 431 

Smoke-consuming  apparatus 378 

Soda ^ 28 

Soda  and'potash  analysed  by  Davy 4 

Sodiam   „.^ 4 

Softness 18 

Soldering 18,  19 

Sole  of  a  bucket  in  water-wheels 834 

Solid  bodjr*  ^ow  to  delineate  ... «..«. 288 
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Solidity  in  bodies 4,  6.  7 

Solid  measure 89,  487 

Solids  decomposed  by  heat 6 

Solids  immersed  In  two  fluids  180 

Solids  in  general  attract  water 198 

Solids,  their  cohesion  with  fluids 19 

Solids,  to  And  their  specific  gravity  by 

Nisholson's  hydrometer 181 

Sol  way  Frith,  the  tidal  current  Qf  .........    842 

Sound  conveyed  by  water  22 

Sound,  its  velocity IS 

Spade  a  lever 99 

Space  and  velocity  m... 10 

Space  infinitely  divisible... 7 

Space  passed  through  by  a  felling  body...  852 
Space  passed  through  by  a  moving  body 

130, 184 

Specific  gravity :.....166, 170 

Speed  is  distance  and  time  231 

Speed  of  pulleys,  rules  for  calculating  ...  444 
Sphere  filled  with  fiuid,  to  determine  the 

pressure 170 

Sphere  fioating  its  equilibrium    185 

Sphere,  to  find  its  diameter  when  the 

weight  is  given 178 

Spheres,  projection  of  the  shadows 255 

Spider's  thr«(ad ;  its  diameter  9 

Spindle,  considered 488 

Spindles,  rules  to  calculate  strain  .........    308 

Spinning  machinery   -. 286 

Spirits,   instrument   to   ascertain   their 

strength 182 

Spirits  of  wine  17 

Spirits  of  wine  in  capillary  attraction 198 

Spitzbergen,  force  of  gravity  a 160 

Spokes  ofa  wheel  as  levers  116 

Sponginess  in  cast  iron  290 

Spouting  fiuids 195 

Spouts :  computation  of  their  range  and 

velocity  199 

Springs  air  acting  as  a 430 

Spring-balance  in  locomotives 384 

Springs  employed  as  a  force 855,  856 

Springs,  governing  power  of. 855 

Springs,  intermitting 215 

Springs,  their  motion  not  regular 856 

Spur  wheel 118 

Square  sections  resist  tension  better  than 

circular  sections .............m    802 

Square  wbeelwork  „ 471 

Squirt  is  a  riliniature  forcing- pump  .....  3Ji9 
Staff  riveting  used  in  constructing  boilers  877 
Staircase,  power  of  man  in  carrying  loads 

up  a » 812 

Stamper,  methods  for  moving  a ............    468 

Stamping  ore  at  mines    .^ 42t 

Standards  of  measure  88 — 41 

Stars,  their  motion  ^ 11, 36 

Statical  and  dynamical  mechanics 227 

Stattcs 34 

Statuaries  represent  horse's  walk  errone- 
ously   89,  90 

Stays  for  fixing  the  plates  of  steam  boil- 
ers     ~ 877 

Steam  boiler,  apparatiu  for  ascertaining 

the  water  level 880 

Steam    boiler,  apparatus  for  supplying 

water 881 

Steam  boiler,  elfects  of  internal  pressure 

.     268,169 
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Steam  bollei  exploMon  980 

Steam  bniler,  qunniUy  of  water  required.  sSI 

Steam  bo iler,  risk  of  explosion    982 

Ste<m  boiler  tested 382 

Strain  condensation b66,s67 

Steam  ariving  machinery  4S1 

Steam  entfine .....360,  and  foil. 

Steam-euKines  combined  425 

Steam-engines  compiired  416 

Steam-engines ;  condensing  power  deter- 
minated    426 

Steam  engines,  Cornish,  reports 429 

Steam-engines,  doable  acting,  described .  423 

Steam-engines,  estimating  the  power  of..  414 
Steam-engines  for  driving  paddle-wheels 

described    i 424 

Steam-engines  for  driving  screw-propellers  425 

Steam-engines  for  pumping  reckoned  ...  231 
Steam-engines,  formula  lor  calculating 

the  power  367 

Steam-engines,  governor    843 

Steam-engines,    high   pressure  and  low 

pr  ssure 367 

Steam-engines,  how  many  tons  of  moving 

iron 276 

Steam-engines,  influence  on  the  arts 232 

Steam-engines,    methods  of  estimating 

power 407 

Stfam-engines,  momentum  equal  to   a 

blow  of  a  681b  caimon  ball  276 

Steam-enginei),  Newcomen's 417 

8team-eniiiues,  non-condensing  421 

Steam-engines,   nun-coudensing,    where 

convenient ^ 432 

Steam  engines,  portable 432 

Steam-engines,     power     measured     by 

dynamometer... 474 

Steam-engines,  ratio  between  calculated 

and  real  power  412 

Steam-engines,  rotary 426 

Steam  engines.  Savory's 417 

Steam  engines,  single  acting 423 

Steam-engines,   single  acting  were  the 

earliest 429 

Steam-engines  the  most  advimiageous  of 

all  apparatus 359 

Steam  engines.  Watt's  improvements  ...  418 
Steam  entering  a  cold  cylinder  becomes 

condensed  m. 390 

Steam,  estimated  volume  .m 865 

Steam  gauges 385 

Steam  hammer... 481 

Steam  in  boilers,  how  much  space  there 

should  be  for 379 

Steam,  in  what  consists  the  great  secret 

of  its  power  365 

Steam,  indication  of  its  power 370 

Steam,  its  elasticity  is  proportional  to  its 

temperature  364 

Steam,  its  power  by  expansion 369 

Steam.   lib.  of  fuel  can  turn  lOlbs.  of 

Water  into 381 

Steam  passages,  their  size 415 

Steam-pipe  conveying  the  steam  to  the 

cylinuer 385 

Steam  P'*wer,  applications  of  »  428 

Steam  power,  direct  application  of 481 

Steam  power,  formula torcaculating 367 

Steam  power  has  superseded  that  uf  the 

win* 319,  826 


Steam  prestore  and  temperature  table...  365 
Steam  pressure  measured  in  inches  of 

mercury 868.  844 

Steam    pres'>ure,    what   is  the  average 

actual  force  „,^„.  ^ 409 

Steam  rivettii.g  machine  481 

Steam  table-engine  described  407 

Steam;  the  volume  multiplied  by  the 

pressure  is  constant 368 

Steam  vessel,  shock  on  paddle-wheels  ...  803 

Steam  vessel,  the  power  required  for  a  ...  438 

Steam  vessels,  form  of  bearing  used  in...  479 

Steam,  waste  between  boiler  aud  engine .  408 

Steel a 

Steel  and  brass,  table  of  friction 477 

Steel  and  ice,  table  of  friction 477 

8t«el,  data  for  calculating  the  strength...  267 

Steel,  its  elasticity  28 

Steel,  table  of  tonive  strength 808 

Steelyard,  Roman,  108,  109;  Danish 110 

Stick,  pointed,  how  it  mpy  be  balanced 

on  the  tip  of  the  finger  85 

Stiffness  obtained  by  corrugating    290 

Stirrat  and  Whitelaw's  turbines 84  7 

Stoue columns,  experiments 274 

Stone,  Portland,  crushing  pressure    275 

Stone,  Portland,  its  specific  gravity  II 

Stones,  effector  compressing 273 

Stones,  experiments  on  crushing  274 

Stones,  machinery  for  preparing 236 

Stopcock  in  stt am  engines    392 

Stop  yalve  in  steam-engines 392 

Storms,  velocity  and  pressure  of. 314 

Strain,  clipping  or  shearing 805 

Strain,  compressive.    (See  Compression.) 

Strain  decreases  by  rapid  roUtion  804 

Strain  in  machinery,  rules  for  estimating  438 

Strains  of  materials 260 

Strain,  tensive ^ 289 

Strain,  torsive.    (See  Torsion.) 

Strain,  transient,  in  machinery  276 

Strain,  transverse    261,  275 

Strap,  crossed  ^  466 

Strap-eye  in  the  connecting-rod  896 

Straps  for  conveying  motion 444 

Straps,  friction 472 

Straps,  rules  for  finding  dimensions  479 

Straps,  shifting  mechanism 466 

Straps  to  turn  wheels 120 

Streams,  calculation  of  their  force 202,  208 

Streams,  computed  power  of 344 

Streamo,  deep  and  shallow,  comparative 

velocity  345 

Streams,  estimated  speed 330 

Strength,  how  to  secure  the  greatest 290 

Strength  of  bars  of  any  material 267 

Strength  of  materials 30- i2,  260 

Strength,  of  materials  a  necessary  know- 
ledge      288 

Strength  of  materials,  a   subject  in  an 

unsatisfactory  state 808 

Strength   of   materials,   rules   for   cal- 
culating   865 

Strength  product  in  beams  296 

Strength  secured  by  a  proper  disposal  of 

material  290 

Strength,  transverse,  of  beams,  table    ...  298 
Strength,  transverse,  of  materials,  mode 

of  computing 879 

Strings,  tension  of 151,  158 
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Striking  gear,  its  use 446 

Strontia  28 

8tufflng-boxof  a  piston 391 

Strut  flxed  to  a  beam 292 

Subsranees,  elementary S 

Sucker,  a  proof  of  atmospheric  pressure.  205 

Suction-pump  216 

Sugar-cane   mills  io  the  West   Indian 

inlands 826 

Sugar,  machinery  for  prepxring ^  235 

Sulphate  of  copper,  its  colouring  power .  10 

Sulphur  M 9,6 

Sulphuret  of  carbon,  proposed  engine  ...  S61 

Sulphuric  acid  26-28 

Sulphuric  acid  in  a  solid,   liquid,  and 

aBriform  state  5 

Sulphurous  acid  26 

Sulphurous  acid  as  a  gas  and  a  liquid  ...  5 

Sun  and  planet  wheel 471 

Sun  attracting  the  earth 11 

Sun  motion    36 

Superficial  measure 39,  48& 

Surfares,  plane,  in  drawing 238 

Surfaces,  unfolded  drawing 247 

Surveys,  scales  used  in  drawing 260 

Syphon  described 218 

Syphon,  Wirtemberg  215 

Syringe  219 


Table,  eohesiye  strength  of  cylindrical 

copper  bars 268 

Table,  cohesive  strength  of  hempen  bower 

cables  * 264 

Table,  cohesive  strength  of  various  ma- 
terials    267 

Table,  cohesive  strength   of   wrought- 

iron  bars 264 

Table-engine  described 407 

Table  of  angles  of  the  sails  of  a  windmill  321 

Table  of  friction 477 

Table   of  pressures    and  temperatures 

of  steam 865 

Table  of  screw  gearing  for  lathe 468 

Table  of  torsive  strength  of  cylindrical 

shafts  303 

Table  of  velocity  of  water-power    329 

Table,  resisting   power  of  materials  to 

crushing  force  275 

Tables  and  rules  for  calculating  quantities  482 

Tables  of  weights 483 

Tackle 235 

Tackling,  an  important  part  of  the  sailor's 

art 319 

Tail-water,  precaution  for  a  free  flow......  337 

Tail-water,  what  it  is 332 

Tallow,  machinery  for  preparing 235 

Tangential  force  148 

Tate's  air-pump    223 

Teak,  data  for  calculating  the  strength...  267 

Teak,  tabie  of  strength  298 

Tearing  asunder  iron  bars,  force  required  ^08 

Tearing  asunder  of  flbres  in  beams    277 

Teeth  cutting  machines 469 

Teeth  of  wheels,  engineers  do  not  agree 

as  to  forms .'. 450 

Teeth  of  wheels,  rules  for  settmg  out   ...  454 

Taetb  of  wheels,  their  theory 450,  and  foU. 


Telegraph,  electric ...........  iM 

Telegraph,  electric,  its  importance 359 

Temperature  aflfects  the  volume  of  bodies  182 

Temperature  of  steam 364 

Tempest,  to  find  the  pressure  of  a  815 

Tenacity : 18 

Tenacity  impaired  hy  long  strain 264 

Tender  of  a  locomotive  434 

Tendon,  its  action 809 

Tension 41 

Tt-nsion,  effect  of 28S 

Tension  of  fibres  in  beams 277, 279 

Tension  of  materials  260,  262 

Tension  of  strings  ].n,  153 

Tensive  strain  of  beams,  how  met 289,  292 

Tension^,  the  resistance  of  square  bars 

greater  than  that  of  circular 802 

Textile  fabrics,  machinery 236 

Textile  fabrics,  methods  of  gearing  em- 
ployed    471 

Thames  river,  its  velocity 832 

Thickness  oT  materials   is   not  always 

strength  270 

Thomson's  table  of  equivalents  27 

Thrashing  by  steam-p.-wer 432 

Thread  of  a  screw 245 

Throat,  the  action  of  the 809,  .SIO 

Throttle-valve  348 

Throttle-valve,  how«put  in  action   393 

Throttle-valve  in  steam-engines 391 

Throw  of  the  crank 398 

Throw  of  the  eccentric  399 

Tidal  currents,  their  velocities 342 

TldemUls  381 

Tides,  when  first  converted  into  mecha- 
nical force 813 

Tile-making  by  steam ; 432 

Tilt-hammers  used  in  iron  manufactures  468 

Timber,  data  for  calculating  the  strength  267 

Timber,  machinery  for  preparing 236 

Time,  an  element  for  measuring  power...  230 
Time  and  distance  the  elements  of  velo- 
city    281 

Time,  apparatus  for  measuring 286 

Time  as  a  measure  of  mechanical  work...  436 

Time,  unit  of 40 

Tin  alloyed  with  copper  used  to  diminish 

friction 396 

Tin  (catit)  data  for  calculating  the  strength  267 

Tin,  cruiihing  pressure   275 

Tin  employed  in  bearings  442 

Tin  leaf,  how  thin  can  be  beaten 9,  10 

Tin,  table  of  friction  477 

Tin,  table  of  torsive  strength  303 

Tin,  used  for  shaft-bearings 478 

Tmning  metals 19 

Tinting  a  drawing 256 

Tongs  as  levers 100 

Tongue,  its  action  309,  310 

Tools  are  the  products  of  dynamical  me- 
chanics   228 

Tooth-whtel  99,  117, 118 

Tooth-wheels,  drawing  244 

Toothed  wheels  described 448 

Toothed  gearing,  reversing  of 467 

Torricelli's  experiment  on  atmospheric 

pressure  SOS 

Torricelti  the  first  recognixer  of  atmo- 
spheric pressure .^i...^.....^  .tl6 

Torsion   —„.  Ml 
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TorKion  cun»idered »...298,  and  foil. 

Torsion,  table  of  »tren((th8   SOS 

Torsion,  the  resistance  of  a  cylindrical 

Mh'tft  18  as  the  cube  radius 801 

Towertt  at  Pisiand  )'ologna 88 

Toys,  on  the  principle  of  unstable  equi- 
librium       85 

Trains,  rail*-ay 475 

Translation  ill  hpace 159 

Transverse  strength  279,  298 

Travellers  and  tackle,  a  machine 235 

Treadmill,  how  it  is  a  penal  labour  of 

severe  character 312 

Trees,  the  force  which  sustains  their  sap  165,166 

Trianglet',  pressures  on  169 

Tri-morphous  crystals.- 30 

Troy-weight  483 

T-shaped  girders  281 

Tube,  capillary,  its  diameter 193 

Tube  girders 290 

Tubes,  equilibrium  of  fluids  in...^ 188, 189 

Tubes,  fixing  in  steam-><oilers  .', 378 

Tubular  boilers.    {See  Boilers.) 

Tubular  br  dge,  Britannia 282,290 

Tubular  shafts,  their  advantage 802 

Turbine  applied  to  steam-power 428 

Turbine-wheel 845,  and  foil. 

Turbine-wheel,  estimated  power 846 

Turbine  wheel  described   845 

Turning  iron 432 

Turnlni^-lathe    100 

Turning  machines,  methods  for  moving..    463 

Turning  machinery 238 

Twilight,  how  long  continues  213 

Twisting 261 

Twisting-force   298 


U. 

Undershot  water-wheels 827 

Undershot-wheels,  terminology  841 

Undershot  wheels  with  vertical  floats   ...  331 

Universal  Joint  for  coupling  shafts 441 

V. 

Vacuum  valve  in  boilers 385 

Valve,  double-beat  886 

Valve,  relief 8S0 

Valve,  safety 382 

Valve,  shut-off 392 

Valve,  stop 392 

Valve,  vacuum 885 

Valves  for  opening  and  closing  water- 
channels  843 

Valves  of  the  condenser    420 

Valves,  self-acting,  in  the  steam-engine...  38/) 

Vanes  or  boards  of  windmills 819 

Vapour  and  gas.  the  difference  between..  5 

Vapour  generated  from  liquids  by  heat...  360 

Vapour  raised  from  water,  its  force    136 

Vapours,  their  latent  heat 420 

Vegetable  prudncts,  machinery  for  pre- 
paring    235 

Vehicles  for  transport 235 

Vehicles  prop^  lied  by  kies  over  ice  319 

Vein  in  a  marble  pillar,  an  element  of 

fracture  278 

Velocities,  parallelogram 189, 140 


rAoa 

Velocity 130 

Velocity  and  weight  are  convertible 282 

Velocity  is  distance  and  time  „ 231 

Velocity  of  a  body  10 

Velocity  of  falling  bodies 852 

Velocity  of  the  wind 314 

Vel'icity  of  too'.hed  wheels,  I  ules  450 

Velocity  of  water  power 829 

Vena contracta  in  fluids  flowing  through 

orifices 197 

Vena  contracta,  observation  by  NTewton..  203 

Vertical  lines,  what  are  called  so    167 

Vessel,  irregular,  how  to  ascertain  its 

capacity 177 

Vessels  for  water  carriage ^^ 285 

Vessels,  propulsion  of. -..^ 434 

Vessels,  their  form  «»m..:.....«  315 

Vessels,  their  motion  in  fluid 315 

Vibrations,  Chtadni's  experiments 22,  28 

Vibrio  undulata,  how  minute '    10 

Vis  inertia 14 

Vis  viva 157 

Vitriol,  blup,  its  colouring  power 10 

Voice  of  a  singer  breaking  a  glass  28 

Volume  „....  149 

Volume  affected  by  temperature 182 

Volume  determined  from  specific  gravity 

177. 178 


Walking,  the  action  of 310 

Walk  of  man  and  animals  89,  90 

Washing  machines,  methods  for  moving.  463 

Watch  spring,  its  action  described 355 

Watches  are  the  most  ingenious  devices 

for  regulating  power  a 235 

Water  a  source  of  mechanical  power......  309 

Water  a  sourre  of  power 232 

Water  as  a  standard  of  weight 39 

Water  and  spirits  of  wine,  when  mixed, 

contract  17 

Water  attracted  in  general  by  solids  192 

Water,  channels  for  conveying  it  to  mills 

3i2,  S4» 

Water  clock  200 

Water,  computatio'  »  of  the  flow  of  cur- 
rents   32ft 

Water,  computed ipower  of  streams  844 

Whter,  contrivances  for  raising  ...348,  and  foil. 
Water  converted   into   steam,  occupies 

16U0  times  its  bt.lk 865 

Water  conveyed  by  pipes  from  a  reservoir  1S9' 

Water,  distilled,  a  standard  of  weight  ...  12 

Water,  distilled,  its  gravity..^ 166 

Water,  engine  acting  by  decomposition  of  859 
Watt's  improvements  were  first  applied 

to  single-acting  engines 429 

Water    148,  14» 

Water,  in  its  solid,  liquid,  and  afiriform 

states  5 

Water,  inelastic  fluid  162 

Water,  its  action  towards  India  rubber...  29 

Water,  its  composition  and  analysis  9 

Water,  its  power  to  convey  sound 22 

Water,  its  velocity  through  a  pipe 195 

Water,  lOlbs.  can  be  converted  into  steam 

by  lib  fuel 851 

Water    lifted,   becomes  a  reservoir  of 

power ;. -..-«....  8M 
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Water,  movement  of  tlie  m..m.-....m....m    813 

"Water  power  826,  and  foil. 

Water  power,  adantation  of 848 

Water  power,  velocity  of  829 

Water  prensiire  in  tlie  hydraulic  crane ...     858 

Water  presKure  on  a  float  board S28 

Waler-pumpinjf  in  d'»ckg    480 

Water,  qu  intity  di«charged  by  a  pump...    217 

Water,  ralnin    at  mines ~ 429   | 

Water  reservoirs -    841 

Water  riite4  about  82  feet  through  tubes  j 

exhausted  of  air 206    ; 

Water  streams,  comparative  velocity  ....^  845  . 
Water,  the  force  of  vapour  raised  from...  861  I 
Water,  the  object  of  hydrodynamics  ......    195    ' 

Water,  troy-weight  of  a  cubic  inch  178   I 

Water,  weiKht  of  a  cubic  foot  of  828 

Water-wheel  (breast) 837,an'l  foil,    i 

Water-wheel  (breast),  comparative  power    839 
Water-wheel  (breast),  estimated  power  340,  341 

Water-wh'-el  (breast),  its  description 8^8 

Wtter-wheel  (breast),  where  applicable...    342 

Water-wheel,  overshot  827,832 

Water-wheel,  overshot,  its  best  construc- 
tion     334,  337 

Water-wheel,  overshot,  its  most  advan- 
tageous velocity   M 335,837 

Water-wheel,  overshot,  rules  for  calculat- 
ing velociy    835 

Water-wheel,  over«(hot,  where  applicable.    342 

Water-wheel  turbine 345,  and  foil. 

Water-wheel  turbine  deNcribed    845 

Water-wheel  turbine,  estimated  power ...     346 

Water-wheel ,  undershot 827, 381 

Water-wheel,  undershot,  the  greatest  pos- 
sible effect 204 

Water-wheels  are  of  three  kinds 827 

Water-wheels,  mode  of  increasing  their 

power  811 

Water-wheels,  regulators  ....» 848 

Water-wheels,  terminology  841 

Water-wheeN,  their  velocity  should  not 
exceed  one-third  thnt  of  the  stream  ...    811 

Water-works  for  supplying  towns 480 

Watt  began  a  new  era  in  the  mechanical 

arts 226 

Wait's  governor  for  steam-engines 403 

Wat  t's  im  prov  emen  i  s  in  the  steam-en  gine    4 1 8 

Wa't's  parallel  motion  422 

Watt's  sun  and  planet  wheels  471 

Weaving  machinery 286 

Wedae 99,  125 

Wedge,  a  macnine 235 

Weig'iUK  machine Ill,  MS 

Weitfht 149 

Weight  a  source  of  mechanical  power 809 

WeiKht  a  source  of  power  282 

Weight  an  element  for  measuring  power.    230 

Weight  and  velocity  are  convertible 232 

Weight  as  a  measure  of  mechanical  work    486 

Weight,  explanation  of  this  term 166 

Weight  of  a  body 10, 12 

Welglit  of  a  body,  how  it  may  be  readily 

determined 178 

Weight  of  bodies  as  a  moving  power 851 

Weight  nuiltiplied  by  the  velocity  repre- 
sents horse-power 281 

Weight  true  or  absolute  is  the  weight  in  a 

vacuum  179 

Weight  without  motion,  its  law  ^. ...... ..    487 
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Weights  and  measures    488 

Weights  in  French  and  English,  how  to 

reduce .• 485 

Weights  preferable  to  springs  for  regular 

motion 856 

Weights  raising  machlm  ry .«...  285 

Weir  to  check  a  stream  342 

Wheel,  a  machine 2^5 

Wheel  and  axle...... 99,  115,  120 

Wheel  and  worm 459 

Wheel,  bevelled    118 

Wheel-barrow,  the  action  of  man  by  ......  311 

Wheel,  Catherine,  its  principle  applied  to 

turbines 845 

Wheel,  elli.itical  .«... 470 

Wheel,  Persian,  for  raising  water............  M8 

Wheel,  sun  and  planet 471 

Wheel,  toothed ...99. 117,  1I8,J44,  448 

Wheel,undershot,  to  find  the  greatest  pds- 

.    sible  effect  204 

Wheelwork ..44S,  and  Col 

Whewell,  ( Dr.)  on  the  atomic  theory 8 

White'*  pulley  128 

Whitelaw's  turbines.. 847 

Winch 116 

Winch,  manual  labour  at  the  m.  813 

Wind,  computation  of  its  power 817 

Wind,  its  pressure  proportional  to  the 

square  of  the  velocity    » 814 

Windpower 284,  814 

Wind,  when  first  converted  into  mechani- 
cal force 818 

Windlass 117,  235    . 

Windlass,  the  friction  of  ropes  or  chains.  4H0 

Windmills,  advantages  of 828 

Windmills,  apparatus  for  regulating. ..822,  833 

Windmills  for  giving  motion  to  machinery  819 
Windmills,  horizontal,  not  so  effective 

as  vertical 819 

Windmills    partially   surrounded  by   a 

casing 820 

Windmills,  power  of 825 

Windmills,  self  regulating    234 

Windmills,  their  construction 819-821 

Windmills,  velocity  of 824 

Winnowing  corn  by  steam-power  482 

Wine,  spirits  of,  and  water,  when  mixed, 

contract 17 

Wine  taster  described 220 

Wire,  a  singular  fact  on 270,  271 

Wire-drawing  machinery  236 

Wire  of  gold,  or  of  platinum  9 

Wire,  the  strength  computed  271 

Wirtemburg  syphon    21S 

Wood,  beech,  its  specific  gravity 12 

Wood  columns,  experiments  on 274 

Wood,  data  for  calculating  the  strength..  267 

Wood,  elm.  its  elasticity   28 

Wood,  experiments  as  to  compression  ...  273 
Wood,   how   sections  in    drawing    are 

hatched  251 

Wood,  mahogany,  its  specific  gravity    ...  12 

Wood.  oak.  its  speiifle  gravity 12 

Wood  on  wood,  table  of  friction 4/7 

Wood,  working  machinery   432 

Wollaston's  experiment  as  to  platinam 

>^    wires    9 

Wollaston  on  crystals m, 29,  80 

Wool,  machinery  for  preparing    286 

Woollen  cloth,  table  of  friction  .......••..«  477 
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Wool's  fibre,  its  diameter 9 

Work  defined 2S2 

Work,  mechanical,  defined  436, 4S7 

Work,  what  is  229 

Working-drawings,  what  are 251 

Workman  degraded  by  the  use  of  ma- 

cbi!:«>«  313 

Workman,  qualities  desired  in  a 312 

Workman  should  be  allowed  to  see  the 

result  of  his  efforts... » 311 

Wwrm  and  wheel «.,„„,  4W 


Wrenching  foree 298 

Wrinkling  adds  to  the  stiftoess  of  plates ..  290 

Wrists,  their  action... .» 809 

Y. 

Yard » 

York  paving,  crushing  pressure  270 
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